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A key question in multicellular eukaryote development is how master transcription factors can activate
silenced genes during cell fate reprogramming in the context of chromatin. A special class of
transcription factors, termed pioneer transcription factors, is ideally suited to execute this role because
they can bind their target sites in nucleosomes. Although plants frequently reprogram cell fate in
response to a changing environment, pioneer transcription factor activity has not been tested yet in this
kingdom. Here we identify the master transcription factor LEAFY (LFY), which reprograms cells to flower
fate, as a pioneer transcription factor. LFY binds in vitro in a sequence-specific manner and with high
affinity to native target locus DNA assembled into a nucleosome. Genomic analyses and sequential
chromatin immunoprecipitation reveal that LFY also binds nucleosome occupied target sites in vivo. Upon
association with nucleosome enriched binding sites, LFY displaces the H1 linker histone and recruits
SWI/SNF chromatin remodelers. The combined data suggest that the pioneer transcription factor LFY
acts as a licensing factor for floral fate that facilitates binding of additional non pioneer transcription
factors, chromatin opening and cell fate reprogramming.
We are also interested in understanding the physiochemical properties of LFY and wondered whether its
unique structural property, a long central disordered domain in between two multivalent functional
domains, could support the formation of membrane-less compartments in cells and offer an additional
layer of regulation through phase separation. By transiently expressing various LFY proteins in protoplast
systems, we observed cytoplasmic droplet formation of LFY and came to the conclusions that all
domains in LFY are important for such behavior. Additionally, these droplets co-localize with processing
bodies and co-expression of LFY co-regulator drove even bigger puncta. Our data suggested that droplet
formation might be a regulatory mechanism to prevent nuclear entry of LFY when not needed and that
proteasome mediated degradation might be involved when an exuberated amount is present.
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ABSTRACT
LICENSING OF CELL FATE REPROGRAMMING VIA LEAFY TRANSCRIPTION
FACTOR PIONEERING ACTIVITY
Run Jin
Doris Wagner
A key question in multicellular eukaryote development is how master transcription factors
can activate silenced genes during cell fate reprogramming in the context of chromatin. A special
class of transcription factors, termed pioneer transcription factors, is ideally suited to execute this
role because they can bind their target sites in nucleosomes. Although plants frequently reprogram
cell fate in response to a changing environment, pioneer transcription factor activity has not been
tested yet in this kingdom. Here we identify the master transcription factor LEAFY (LFY), which
reprograms cells to flower fate, as a pioneer transcription factor. LFY binds in vitro in a sequencespecific manner and with high affinity to native target locus DNA assembled into a nucleosome.
Genomic analyses and sequential chromatin immunoprecipitation reveal that LFY also binds
nucleosome occupied target sites in vivo. Upon association with nucleosome enriched binding sites,
LFY displaces the H1 linker histone and recruits SWI/SNF chromatin remodelers. The combined
data suggest that the pioneer transcription factor LFY acts as a licensing factor for floral fate that
facilitates binding of additional non pioneer transcription factors, chromatin opening and cell fate
reprogramming.
We are also interested in understanding the physiochemical properties of LFY and
wondered whether its unique structural property, a long central disordered domain in between two
multivalent functional domains, could support the formation of membrane-less compartments in
cells and offer an additional layer of regulation through phase separation. By transiently expressing
various LFY proteins in protoplast systems, we observed cytoplasmic droplet formation of LFY and
came to the conclusions that all domains in LFY are important for such behavior. Additionally, these
droplets co-localize with processing bodies and co-expression of LFY co-regulator drove even
bigger puncta. Our data suggested that droplet formation might be a regulatory mechanism to
prevent nuclear entry of LFY when not needed and that proteasome mediated degradation might
be involved when an exuberated amount is present.
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Chapter 1: Introduction to Epigenetic
Players and Genetic Pathways in
Pluripotency, Development and
Differentiation Processes in Arabidopsis
thaliana
From Jun Xiao*, Run Jin* and Doris Wagner# "Developmental transitions: integrating
environmental cues with hormonal signaling in the chromatin landscape in plants"
Genome Biology

Abstract
Plant development is predominantly postembryonic and tuned in response to
environmental cues. All living plant cells can be triggered to de-differentiate, assume
different cell identities or form a new organism. This developmental plasticity is thought to
be an adaptation to the sessile lifestyle of plants. Recent discoveries have advanced our
understanding of the orchestration of plant developmental switches by transcriptional
master regulators, chromatin state changes and hormone response pathways. Here, we
review these recent advances with emphasis on the earliest stages of plant development
and on the switch from pluripotency to differentiation in different plant organ systems.
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Abbreviations
HAT: Histone acetyltransferase
HDAC: Histone deacetylase
SWI/SNF complex: SWItch/ Sucrose Non-Fermentable chromatin remodeling
complex
CHD chromatin remodeler: Chromodomain containing remodeler
PRC: Polycomb Repressive Complex
TE: Transposable element
TF: Transcription factor
H3K4me3: Trimethylation on lysine 4 of histone H3
H3K27me3: trimethylation on lysine 27 of histone H3
H3K9ac: Acetylation on lysine 9 of histone H3
H3K18ac: Acetylation of lysine 18 of histone H3
H2AK121Ub: Ubiquitination on lysine 121 of histone H2A
H2BK143ub: Ubiquitination on lysine 143 of histone H2B
MEG: Maternally expressed gene
PEG: Paternally expressed gene
ABA: Abscisic acid; GA: Gibberellin
CK: Cytokinin
SAM: Shoot apical meristem
IM: Inflorescence meristem
FM: Floral meristem
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Introduction
Recent studies in both animal and plants have revealed that the epigenome
contributes to cell identity and function [1, 2]. The epigenome refers to alternative
chromatin states that can impact gene activity that are not accompanied by alterations in
nucleotide sequence but can nevertheless be passed on to daughter cells. It is now clear
that the three dimensional organization of the chromatin in the nucleus, chromatin
condensation by linker histones and non-histone proteins, histone modifications or
presence of alternative histones/histone variants, the position and occupancy of the
nucleosomes and covalent modification of the DNA by methylation all impact the
accessibility of the genome in the context of chromatin [3, 4]. Upon perceiving a relevant
cue, core chromatin regulators can alter the existing chromatin state, making new genomic
regions accessible while closing others off, thus generating a cell-type, developmental
stage or environmental condition specific ‘legible’ genome.
Genomic DNA wrapped around the histone octamer in nucleosomes is much less
accessible than that DNA not in contact with histones. Nucleosome occupancy (the
fraction of a specific genomic DNA fragment wrapped around a histone octamer in a
population of cells/nuclei) or nucleosome positioning (the identity of the specific DNA
fragment wrapped around the histone octamer in a larger region of interest) can be altered
by chromatin remodeling using the energy derived from ATP hydrolysis to break the
histone-DNA contacts [5]. While plants have a large number of chromatin remodelers, the
SWItch/ Sucrose Non-Fermentable (SWI/SNF) complexes formed around BRAHMA
(BRM) and SPLAYED (SYD) and the chromodomain (CHD) family chromatin remodeling
ATPase PICKLE (PKL) are most studied [6].
Histone variants are predominantly incorporated into nucleosomes outside of DNA
replication and differ in the primary sequence from ‘canonical’ histones. These sequence
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differences impact their properties and those of the nucleosome particles that contain
them [7]. In this review the histone variants H2A.Z, H3.3 and H1.3 are discussed.
Covalent modification of histones is executed by ‘writers’ – enzymes that
covalently alter amino acids in the histones through acetylation, methylation, ubiquitylation,
or phosphorylation for example [8]. Many of these enzymes act in complexes. Histone
acetyltransferases (HATs) in general cause increased genome accessibility (less
compaction), while lysine methylation is strongly context dependent. Polycomb
Repressive Complex 2 (PRC2) generates tri-methylation on lysine 27 of histone H3
(H3K27me3), a repressive mark, while tri-methylation on lysine 4 of histone H3 (H3K4me3)
is associated with open chromatin and active transcription. Histone arginine methylation
is frequently repressive. Ubiquitination on lysine 121 of histone H2A (H2AK121ub) is
generated by PRC1, which in addition contains non-histone proteins that strongly compact
chromatin. Ubiquitination on lysine 143 of histone H2B (H2BK143ub) promotes
transcriptional elongation. Additional non-histone proteins have specific protein domains
(such as PHD domains) that can recognize histone modifications, these downstream
effectors are called ‘readers’. Readers interpret the chromatin state and contribute to the
final chromatin compaction and transcription outcome. Finally, all covalent histone marks
are reversible, their removal is executed by so–called ‘erasers’. There are a myriad of
erasers in plants- in this review histone deacetylases (HDACs), which remove histone
lysine acetylation, feature most prominently. HDACs on their own or together with
Polycomb repression compact chromatin to silence unnecessary or detrimental gene
expression programs.
In plants, cytosine DNA methylation occurs in three sequence contexts CG, CHG,
CHH (where H equals A, T or C) [9]. Specialized complexes have been linked to initiation,
maintenance and removal of cytosine methylation. Cytosine methylation is frequently
associated with transposable elements (TEs) and some of these TEs have been co-opted
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for transcriptional regulation of nearby genes, generally silencing gene expression when
methylated. Removal of CGme is executed by the DEMETER (DME) DNA glycosylase,
which has prominent roles in imprinting in the endosperm.
In this chapter, we will discuss some of the major developmentally or
environmentally triggered transcriptional reprogramming events in plants with special
emphasis on the role of chromatin and the epigenome.

1. Early stages in plant development and response to environmental cues
From fertilization to embryo development
In angiosperms, seed development is initiated by a double-fertilization event,
where the egg cell and central cell each fuse with a male sperm cell, resulting in formation
of the embryo and endosperm, respectively (Figure 1.1). The embryo and endosperm are
surrounded by maternal tissues such as the seed coat, which derives from the
integuments [10]. Proper seed formation is achieved by the coordinated development of
these three different tissue types [11]. The embryo initiates a shoot and root apical
meristem, two leaf-like structures called cotyledons, and a short stem termed the
hypocotyl [12].
The endosperm is a nourishing tissue that supports embryo growth [13]. Its
initiation and its correct development are necessary for the establishment of a viable seed
[14]. Endosperm development prior to fertilization is inhibited by FIS (FERTILIZATION
INDEPENDENT SEED)-PRC2, which acts in the female gametophyte and during
endosperm development. Loss of FIS-PRC2 function causes autonomous endosperm
development without fertilization, resulting in seeds that develop an endosperm but no
embryo [15]. More recently, histone ubiquitination and the hormone auxin were linked to
endosperm formation. Two H2A deubiquitinases Ubiquitin-Specific Protease 12 and 13
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(UBP12,
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Like Heterochromatin Protein 1 (LHP1) [16], expressed in the central cell of the mature
female gametophyte and recruited to several Polycomb targets where they are required
for elevated H3K27me3 levels and repression. In the absence of LHP1 or UBP12,13
autonomous endosperm develops, suggesting LHP1 or UBP12,13 may repress FIS-PRC2
targets [17] (Figure 1.1a). Elevating auxin levels genetically or pharmacologically induces
replication of the central cell in the absence of fertilization [18], suggesting auxin may
promote endosperm formation. Indeed, FIS-PRC2 directly silences two auxin biosynthesis
pathway genes, YUCCA10 (YUC10) and TRYPTOPHAN AMINOTRANSFERASE
RELATED 1 (TAR1) in the maternal gametophyte, this lowers auxin levels in the central
cell prior to fertilization. After fertilization, paternal expression of auxin biosynthesis genes
enables an auxin increase in the fertilized central cell, which triggers the initiation of
endosperm bypassing the block by the maternal FIS-PRC2 [18] (Figure 1.1b).
The endosperm is also the main site of genomic imprinting in flowering plants, an
epigenetic phenomenon that results in expression of a gene from just one of the two
available alleles in a parent-of-origin-dependent manner [19]. Imprinting has evolved
independently in mammals and flowering plants [20]. Differential DNA methylation
underlies most imprinted gene expression [21]. Global removal of methylation from
cytosines found in CG dinucleotides by the DME DNA glycosylase occurs in the maternal
genome of the endosperm in Arabidopsis, leading to hypomethylation [22]. DME is
expressed in the companion cells of the gametes including the central cell of the female
gametophyte before fertilization [23] (Figure 1.1a,b). Genes exclusively maternally
expressed (MEGs) are characterized by loss of repressive DNA methylation. Paternally
expressed genes (PEGs) arise when the reduced maternal DNA methylation enables an
alternative epigenetic silencing mechanism –polycomb repression- to silence the maternal
alleles [24, 25]. In some cases, parent-of-origin specific H3K27me3 is not dependent on
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differential DNA methylation [26].

Figure 1.1 Function of chromatin regulators in seed development

Figure 1.1 Function of chromatin regulators in seed development
a. Prior to fertilization, maternally expressed PRC2 Polycomb proteins, together with
LHP1 (PRC1) and histone H2A deubiquitinase (UBP) inhibit the development of
non-embryonic tissues by modulating auxin hormone levels or response.
b. Post fertilization, paternally expressed genes raise the auxin hormone level, this
reduces PRC2 expression and releases the PRC2 block of non-embryonic tissue
development. PRC2 also silences maternal imprinted loci indirectly contributing to
paternal imprinted gene expression.
c. CHD and SWI/SNF chromatin remodelers contribute to embryo pattering after
fertilization.

Among the numerous MEGs identified are the FIS-PRC2 components MEDEA (MEA)
and FIS2 [26]. As discussed above, mutation of the MEA or FIS2 components of FISPRC2 causes the formation of endosperm prior to fertilization and embryo abortion. This
is due at least in part to de-repression of the maternal alleles of the PEGs YUCCA10 and
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TAR1 and increased auxin levels [18, 27]. Of note, while some of the same genes are
imprinted in different flowering plants (including the auxin biosynthesis genes), the majority
of the imprinted genes are species-specific [28-30] (Figure 1.1a,b). Moreover, even
imprinting at the same gene may be achieved by different mechanisms in different plant
species. In Arabidopsis lyrata, an outcrossing plant species closely related to Arabidopsis
thaliana, many PEGs arise due to CHG methylation and repression of the maternal alleles
and the maternal endosperm genome is not hypomethylated [31]. One biological
importance of gene dosage/imprinting in the endosperm may be as a hybridization barrier
that underlies speciation [32, 33]. The maternal FIS-PRC2 may furthermore buffer paternal
genetic variation to prevent its influence on seed development [34]. Finally, imprinted gene
expression may transmit environmental cues perceived by the mother plant to modulate
seed germination [35].
A clever genetic trick was used to enable egg cell fertilization in a prc2 null mutant
background [36]. This gave rise to viable embryos that became abnormal only after
germination, pinpointing the developmental window where PRC2 function is first required
during plant development [37]. Thus unlike in animals [38], PRC2 is not strictly essential
for plant embryo formation. Other chromatin regulators are important for development of
the embryo proper (Figure 1.1c); for example, double mutants in the redundantly acting
SWI/SNF subfamily chromatin remodelers MINUSCULE1 and 2 cause embryo lethality
with abnormal cell divisions apparent by the globular stage [39]. Double mutants in the
BRM and SYD chromatin remodelers, which have overlapping roles, also cause embryo
lethality as do mutations in SWI/SNF complex components SWI3A or SWI3B [40-44]. In
the case of brm mutants, the embryo defect may be due to reduced auxin response;
double mutants in brm and the auxin response factor monopteros (mp) are embryo lethal
[44].
Unlike the egg cell and central cell, which are fertilized and give rise to the embryo and
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the endosperm, the maternal tissue of the ovule does not participate in the fertilization
process yet also undergoes drastic changes in response to fertilization. The integuments
undergo rapid cell division and expansion to eventually form seed coat [45], while proximal
region of the nucleus undergoes programmed cell death (PCD) [46]. Sporophyte PRC2
(EMBRYONIC FLOWER2 (EMF2)/ VERNALIZATION2 (VRN2)-PRC2) exerts a block on
seed coat development before fertilization and lack of the core PRC2 subunits VRN2 and
EMF2 results in a dosage-dependent autonomous seed coat development [47]. Auxin and
gibberellin (GA) signaling are activated in the seed coat post-fertilization and exogenous
application of GA3 or 2,4-D (auxin) or over-production of these hormones promotes
fertilization independent seed coat development [27]. Production of auxin in the
unfertilized central cell is sufficient to drive seed coat development [27, 46, 47], and the
endosperm-specific transcription factor (TF) AGAMOUS-like MADS box protein 62
(AGL62) [48] promotes the transport of auxin produced from the endosperm to the
integuments via transcriptional upregulation of a PGP-type auxin transporter [27, 49].
Genetically auxin and PRC2 act in the same pathway, with auxin acting upstream of PRC2
and down-regulating PRC2 accumulation, while GA is activated when PRC2 is removed
from the integuments (Figure 1.1a,b). These findings uncover a precisely tuned
developmental switch at the intersection of hormones and chromatin regulators for
coordinated development between three tissue types in the seed, and a balance between
the maternal and paternal genomes that impacts survival and speciation.

Seed maturation and dormancy
In higher plants, seed development can be divided into two phases,
morphogenesis (embryo and endosperm development) and maturation. Maturation
ensures that the fully developed embryo accumulates sufficient storage compounds, while
water content decreases and ABA levels increase. Finally, the seed acquires desiccation
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tolerance and enters a metabolically quiescent state [50]. The initiation of seed maturation
is mainly controlled by three B3 domain TFs, LEAFY COTYLEDON2 (LEC2), ABSCISIC
ACID (ABA) INSENTITIVE3 (ABI3) and FUSCA3 (FUS3). These factors work in concert
with the CCAAT-box binding complex component LEAFY COTYLEDON1 (LEC1), to
regulate ABA, auxin, GA and sugar response [51]. They form a complex gene regulatory
network activating largely overlapping downstream genes involved in starch and lipid
biosynthesis. They also regulate the biosynthesis and/or catabolism of hormones ABA
and GA to balance their ratio during seed dormancy and germination [51, 52] (Figure 1.2).
Seed dormancy initiates during early seed maturation and continues after the seed
completes development, then it is gradually overcome during dry storage (after-ripening).
The plant hormone ABA and the DELAY OF GERMINATION 1 (DOG1) protein are
essential regulators of seed dormancy. ABA is produced during seed maturation and is
necessary for the induction of seed dormancy and for maintenance of the dormant state
following seed shedding. Factors that modulate ABA levels or signaling transduction alter
the seed dormancy level [53, 54]. DOG1, isolated by Quantitative Trait Locus analysis,
has been identified as a major and “specific” regulator of seed dormancy in Arabidopsis
and other plants and DOG1 levels and activity are intricately regulated [55-59]. This
includes positive autoregulation via sites subject to natural variation [60-62]. Through a
study of the dormancy cycling in the soil seed bank factors involved in the dynamics of
chromatin remodeling were implicated in changes of the dormancy status via regulation
of expression of key regulators, such as DOG1 [60]. The H2B ubiquitinase HISTONE
MONOUBIQUITINATION 1 (HUB1) and HUB2 and the ARABIDOPSIS TRITHORAXRELATED 7 (ATXR7) H3K4 methyltransferase promote seed dormancy by upregulating
expression of DOG1 and other genes presumably through influencing the H2Bub and
H3K4 methylation status [60-62]. By contrast, SIN3-LIKE (SNL) co-repressor proteins
promote seed dormancy by preventing acetylation of H3K9/18 or H3K14 at genes linked
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to germination [63]. In addition, the HDA9 HDAC promotes seed dormancy by repressing
photosynthesis and photoautotrophic growth-related genes [64, 65] (Figure 1.2). During
seed maturation, the expression of master transcriptional activators of seed dormancy is
hence up-regulated by chromatin modifications potentially linked to transcriptional
elongation, while genes that promote germination and photosynthesis are repressed by
histone deacetylation.

Seed germination and greening (photomorphogenesis)
After release of dormancy by environmental signals such as stratification [66], seed
germination commences with protrusion of the radicle through the seed coat [50]. This
process is facilitated by GA, newly synthesized in the imbibed embryo, and is inhibited by
ABA [50]. Additional hormones such as ethylene and auxin also play role in germination
[51, 67]. Low doses of auxin promote germination while high doses inhibit this process
[[51, 67]. Upon germination, the seed maturation program is silenced, along with activation
of seedling identity genes. The broad changes in transcriptional programs that accompany
this key developmental transition are orchestrated by a myriad of chromatin state
remodeling and modification events (Figure 1.2).
Repression of the seed maturation/dormancy program involves both the EMF2PRC2 complex and PRC1, which silence expression of seed maturation loci such as ABI3,
LEC2, DOG1 and CHOTTO1 (CHO1)/ AINTEGUMENTA-LIKE 5 (AIL5) during
germination [51, 67-71]. The PRC1 complex is recruited by VP1/ABI3-like (VAL) proteins
and PHD-domain H3K4me3-binding ALFIN1- like (AL) proteins. Two homologs of
ZUOTIN-RELATED FACTOR1 (ZRF1), possible readers of H2Aub, contribute to
Polycomb mediated silencing of ABI3, CRUCIFERIN 3 (CRU3), and CHO1/AIL5 [72].
HDACs such as HDA19 and HDA6 also repress seed maturation genes [73-76] and are
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recruited by diverse TFs including VAL2, SCARECROW-LIKE15, and BRI1-EMSSUPPRESSOR1 (BES1) plus the TOPLESS (TPL) co-repressor [76, 77]. Finally, H3K9
methylation by SU(VAR)3-9 HOMOLOG 4 and 5 (SUVH4 and SUVH5) and chromatin
remodeling by CHD PKL and by the SWI/SNF chromatin remodeler BRM also contribute
to silencing of dormancy and embryonic genes [78-84]. The histone H3K4me2/3
demethylases LYSINE SPECIFIC DEMETHYLASE LIKE 1 and 2 (LDL1 and LDL2), by
contrast, assist in the process by removing activating histone modifications from the seed
dormancy genes [72].
To promote germination, the histone arginine demethylases JUMONJI DOMAINCONTAINING PROTEIN 20 (JMJ20) and JMJ22 remove repressive histone arginine
methylation from two GA biosynthesis genes, GIBBERELLIN 3 BETA-HYDROXYLASE1/2
(GA3OX1/GA3OX2) [85]. SNL co-repressors slow the speed of seed germination by
inhibiting auxin synthesis and directly repress expression of auxin transporters such as
AUXIN RESISTANT1 (AUX1) [86]. Increased H3 lysine 9 or 18 acetylation (H3K9/18ac)
at AUX1 was observed in snl1 snl2 mutants. AUX1 enhances radicle emergence by
promoting CYCLIN D expression [86].
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Figure 1.2 Involvement of chromatin regulators during seed maturation, dormancy and
germination

Figure 1.2. Involvement of chromatin regulators during seed maturation, dormancy
and germination
Master transcription factors (TFs) regulate seed maturation and dormancy by modulating
the ABA/GA hormone ratio. To initiate dormancy, chromatin regulators (HUB, ATX)
promote DOG1 transcription. During germination, a large number of different chromatin
regulators jointly repress key embryonic genes and alter hormone levels. Light sensing
promotes photomorphogenesis, activates the seedling program and triggers large scale
nuclear reorganization.
When the seedling emerges from the soil, photomorphogenesis commences,
which is characterized by reduced hypocotyl elongation, cotyledon opening and expansion,
and chlorophyll biosynthesis [87]. The switch from heterotrophic to autotrophic growth is
accompanied by large scale transcriptional reprogramming in the context of chromatin
(Figure 1.2). Light exposure triggers nuclear architecture reorganization, such as nuclear
size expansion, heterochromatin condensation and globally increased RNA Pol II activity
[88]. This nuclear architectural change is induced mainly by blue light and is independent
of local DNA methylation changes [88]. Germination is coupled to red/far-red light sensing
via the light labile PHYTOCHROME-INTERACTING FACTORs (PIFs). For example, PIF1
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inhibits seed germination in the dark by increasing ABA and decreasing GA levels and
response and by repressing genes required for cell wall loosening [89]. PIF1 recruits the
LEUNIG HOMOLOG (LUH) of the Groucho family transcriptional co-repressor to a subset
of its targets [90]. PIF1 also inhibits chlorophyll biosynthesis by recruiting the SWI/SNF
chromatin

remodeling

ATPase

BRM

to

the

chlorophyll

biosynthesis

gene

PROTOCHLOROPHYLLIDE OXIDOREDUCTASE C (PORC) to repress its expression
[79]. The CHD PKL chromatin remodeling ATPase is required for 80% of the gene
expression changes triggered by GA [91]. Finally, CCAAT-box binding factors redundantly
repress light-controlled hypocotyl elongation, interact with HDA15 and bind to the
promoters of hypocotyl elongation genes such as IAA10 and XTH17 [92]. Repression of
the embryonic and dormancy programs, seed germination and establishment of
autotrophic seedling growth thus relies not only on chromatin modification and remodeling
in response to environmental cues, but also triggers altered hormone environments and
large-scale nuclear reorganization.

2. Pluripotency and differentiation in plant development
De-differentiation and callus formation
All living plant cells can de-differentiate (i.e. form callus), when exposed to a
combination of auxin and cytokinin (CK) hormones, and it has been proposed that dedifferentiation occurs via a root developmental pathway [93]. Asexual propagation via
induced de-differentiation and subsequent regeneration of a new plant is of economical
importance for diverse species from oil palms to orchids [94]. Callus formation in plants –
like induced pluripotency in animals – requires epigenetic reprogramming [95]. In
agreement with these findings, callus formation is accompanied by rapid loss of
H3K27me3 from many genes, including several linked to the auxin pathway [96]. However,
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induced differentiation from leaves also requires PRC2 activity, presumably to silence the
foliar gene expression program [96]. PKL opposes callus formation and mutants in this
chromatin remodeling ATPase are hypersensitive to CK and show enhanced callus
greening [97]. By contrast, several HDACs promote callus formation and are
transcriptionally upregulated during callus induction [100]. For example, mutation of HDA9
or HD-TUINS PROTEIN 1 (HDT1) causes reduced callus formation that is correlated with
lack of meristematic gene activity (Figure 1.3) [98]. A recent genome wide transcriptome
comparison between wild-type leaves and leaf explant-derived calli identified 10,405
differentially expressed genes [99]. Not surprisingly, key TFs involved in leaf development
were down regulated. In addition, 115 genes involved in chromatin remodeling were
differentially expressed in calli. Notably, expression of chromatin regulators that act in
opposition to Polycomb repression (H3K4 methyltransferases of the Trithorax family of
proteins) was elevated; these chromatin regulators may promote expression of
meristematic genes (Figure 1.3). Reprogramming of cell identity through de-differentiation
is not perfect and frequently results in DNA hypomethylation [100]. In the case of the oil
palm, hypomethylation of the retrotransposon Karma in the B class floral homeotic gene
results in flower patterning defects and failure to form seeds [100]. Polycomb repression
prevents spontaneous de-differentiation and the repressive marks set by PRC2 are crucial
for maintaining identity of differentiation programs [101]. Finally, loss of PRC2 function
leads to loss of cell identity and callus formation from meristems in the shoot and root [37,
101]. The spontaneous callus formed from meristematic tissues in polycomb mutants
differs from the induced callus in that it frequently produces somatic embryos [37, 101,
102]. In conclusion, de-differentiation of mature plant tissues is accompanied by largescale epigenetic reprogramming in response to hormonal cues; this can result in
epigenome defects in asexually produced plants. At the same time, plant meristematic
tissues require Polycomb repression to block spontaneous de-differentiation.
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Root formation and the root stem cell niche
Chromatin regulators have been implicated in establishment and maintenance of
the primary and of the lateral root meristems. The EMF2-PRC2 complex directly represses
expression of the auxin transport protein PIN-FORMED1 (PIN1), which is important for
rootward auxin flux, and thus reduces auxin accumulation and meristematic activity in both
the primary and lateral root [103]. As a consequence, the rate of lateral root initiation is
increased in prc2 mutants [103]. PRC2 is expressed in the meristem and in the vasculature
and upstream regulators that control spatiotemporal accumulation of PRC2 at the
transcriptional level have recently been identified [104]. By contrast, the SWI/SNF
chromatin remodeler BRM directly activates expression of PIN1 in the root [80].
Knockdown of the SWI/SNF Associated Protein 73 (SWP73) causes defective roots with
short meristems that have increased CK levels [105]. SWP73 represses expression of
ATP/ADP isopentenyltransferase (IPT) enzymes that regulate the rate-limiting step in CK
biosynthesis. SWP73 binds to the IPT3 and IPT7 loci and destabilizes a positive gene
regulatory loop (Figure 1.3) [105]. The histone acetyltransferase GENERAL CONTROL
NONDEREPRESSIBLE 5 (GCN5) promotes expression of PLETHORA (PLT) genes,
which act in a positive feedback with the auxin pathway to promote maintenance of the
root stem cell niche [106]. Finally, deacetylation also plays a role in the root meristem. The
WUSCHEL HOMEOBOX5 (WOX5) gene is expressed in the quiescent center (QC) and
promotes stem cell fate in the surrounding initial cells (Figure 1.3c). WOX5 directly
represses expression of the TF CYCLING DOF FACTOR 4 (CDF4), which promotes
differentiation, in the QC and in the columellar stem cells [107]. WOX5 protein moves into
the columella stem cells where it recruits the TPL/HDA19 repressor complex to lower H3
acetylation at the CDF4 locus regulatory region. WOX5 expression in turn is confined to
the QC by the PHD-domain-containing protein REPRESSOR OF WUSCHEL1 (ROW1)
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[108]. When ROW1 binds to the activating H3K4me3 marks on the WOX5 promoter, it
silences WOX5 expression by an as yet uncharacterized mechanism restricting shootward
expansion of the WOX5 expression domain (Figure 1.3). The transition from cell
proliferation to differentiation in the root is preceded by eviction of the canonical histone
H3.1 and replacement with the H3.3 histone variant [109]. Thus, a multilayered chromatin
regulatory and hormonal network controls root meristem maintenance and size.

Figure 1.3 Role of chromatin remodelers in callus formation and root development

Figure 1.3. Role of chromatin remodelers in callus formation and root development
a. Spontaneous de-differentiation of meristematic plant tissues is prevented by
Polycomb repression, while the CHD chromatin remodeler PKL prevents induced
callus formation. Histone deacetylation (HDA9) promotes de-differentiation in
induced callus.
b. Stem cell maintenance is promoted by upregulation of auxin transport (via PIN1)
through BRM/SWP73 and histone acetylation (GCN5) and by repression of CDF4
by WOX5 together with TPL/HDA19. Differentiation is promoted by PRC1 (which
represses PIN1 expression) and by ROW1, which prevents expansion of WOX5
expression.

SAM initiation and maintenance
Maintenance of the shoot apical meristem (SAM) is tightly controlled by opposite
acting pathways. WUSCHEL (WUS) and CLAVATA3 (CLV3) are two key stem cell
regulators, with WUS expressed specifically in the organizing center (OC) located below
the stem cell pool (Figure 1.4c). WUS non cell-autonomously maintains stem cell identity
by upregulating CLV3 expression [110]. CLV3 is processed into a small peptide that limits
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WUS expression and prevents uncontrolled shoot apical meristem proliferation [111].
Recently, the bHLH TF HECATE1 (HEC1) was shown to repress WUS and CLV3
expression through integrating CK and auxin signals [112]. The TF FAR-RED
ELONGATED HYPOCOTYL3 (FHY3) acts as a direct repressor of CLV3, thus maintaining
the stem cell pool [113]. Members of the GRAS family TFs HAIRY MERISTEM (HAM)
physically interact with WUS/WOX proteins in various stem cell niches and HAM and WUS
regulate similar sets of genes [114]. WUS also represses expression of the differentiation
related gene KANADI1 (KAN1) (Figure 1.4a) [115]. Recently, the interaction between
TPL/HDAC and WUS, which is required for stem cell fate promotion, was mapped to the
WUS box and not the EAR motif frequently implicated in transcriptional repression [116].
A separate pathway for SAM initiation and maintenance acts through the homeodomain
TF SHOOTMERISTEM-LESS (STM), which induces CK biosynthesis [117]. CK acts as a
positive regulator of WUS expression, mainly through the perception of CK by two CK
receptors, ARABIDOPSIS HIS KINASE 2 (AHK2) and AHK4 [118]. A long-distance SAM
promoting pathway through the bypass (bps) signal has recently been uncovered [119].
bps1 mutants fail to maintain meristem identity and WUS expression due to defects in CK
response.
Only a handful of chromatin regulators have been implicated in SAM establishment
and maintenance. FASCIATA1 (FAS1), which encodes a subunit of Arabidopsis homolog
of CHROMATIN ASSEMBLY FACTOR-1 (CAF-1) responsible for replication-coupled
incorporation of the canonical histone H3.1, is linked to stem cell maintenance [120]. fas1
mutants enhance the SAM defects of weak wus mutants, yet fas single mutants have an
expanded WUS expressing domain and an enlarged SAM [120]. One explanation for this
apparent discrepancy may be that fas1 mutants fail to initiate a functional OC upon
germination; this defect may result in establishment of new WUS expressing cell
populations that subsequently fuse to form one large fasciated meristem (Figure 1.4a). A
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similar sequence of events was observed in double mutants of the redundantly actingMINUSCULE1 (MINU1) and MINU2 SWI/SNF chromatin remodeling ATPases and
hypomorph minu1 minu2 mutants form multiple primary meristems [39]. PROTEIN
ARGININE METHYLTRANSFERASE 5 (PRMT5), a member of the type II arginine
methyltransferase family, directly binds to the regulatory regions of the gene encoding the
CLV3 peptide receptor CORYNE (CRN) (Figure 1.4b). The resulting H3R4me2
methylation represses CRN expression; this promotes meristem homeostasis [121].
Similarly, OBERON3 (OBE3), which encodes a PHD finger containing protein, acts as a
positive regulator of WUS expression in a mutual positive feedback loop (Figure 1.4b)
[122]. Finally, the SWI/SNF chromatin remodeler SYD directly promotes maintenance of
WUS expression [123].

Leaf Development
To enable leaf initiation at the flanks of the shoot apex, the MYB TF ASYMMETRIC
LEAVES 1 (AS1) and its partner the LATERAL ORGAN BOUNDARY (LBD) domain TF
AS2 repress expression of pluripotency genes. AS1/AS2 directly recruit the HirA histone
H3.3 chaperone and PRC2 to the regulatory regions of the Class-I KNOTTED1-like
homeobox (KNOX) family genes BREVIPEDICELLUS (BP) and KNOTTED-LIKE FROM
ARABIDOPSIS THALIANA 2 (KNAT2) to silence them [124, 125]. The LBD protein
JAGGED LATERAL ORGAN (JLO) contributes to AS2-mediated KNOX repression by
forming a trimeric complex with AS1. Loss-of JLO function leads to the ectopic expression
of STM and BP [126]. The HDAC HDA6 also interacts with AS1 and directly represses
KNOX gene expression [127]. More recently, LHP1, also known as TERMINAL FLOWER
2 (TFL2), was shown to contribute to KNOX gene repression via direct physical interaction
with AS1 and AS2 (Figure 1.4a) [128]. LHP1 may promote spreading of H3K27me3 [129].
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LHP1 and AS1/AS2 have many additional direct targets with roles in leaf development
and maturation [128, 130].
Arabidopsis leaf cells also face a choice between proliferation and differentiation.
Leaf differentiation is promoted via recruitment of the chromatin remodeler BRM and the
dedicated BRM complex component SWI3C by the CINCINNATA-like TEOSINTE
BRANCHED1, CYCLOIDEA, and PCF (CIN-TCP) TF TCP4 [131]. BRM, together with
TCP4 reduces CK responsiveness by promoting expression of an inhibitor of CK response,
RESPONSE REGULATOR 16 (ARR16). The transcription co-activator ANGUSTIFOLIA3
(AN3), on the other hand, promotes cell proliferation in leaves [132]. AN3 directly induces
the expression of GROWTH REGULATING FACTORS (GRFs), and HEC1. These genes
are also direct targets of the SWI/SNF complexes components SWP73B and BRM, with
whom AN3 physically interacts (Figure 1.4c). A subsequent study additionally implicated
SWP73B in leaf polarity [133]. Similar interactions and roles for AN3 and SWI/SNF were
also observed in maize leaf development [134]. Thus, AS1 is at the center of a chromatin
repressor hub that promotes leaf initiation, while opposite roles of the SWI/SNF complex
in leaf maturation are distinguished by the presence of the AN3 co-activator (Figure 1.4b,c).
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Figure 1.4 Chromatin remodelers regulate differentiation and proliferation

Figure 1.4. Chromatin remodelers regulate differentiation and proliferation
a. In the organizing center (OC) of the shoot apical meristem, WUS expression is
promoted by chromatin remodeling (MINU1, 2) and –possibly- chromatin assembly
(FAS1). WUS in turn represses differentiation genes such as KAN via histone
deacetylation (TPL/HDA). In the leaf primordium, founder cell driver TFs (AS1, AS2
and JLO) repress KNOX gene expression via Polycomb repression, histone
deacetylation and histone variant incorporation (PRC2, LHP1, HDA6, HirA).
b. The chromatin remodeler BRM mediates both cell division and differentiation in the
leaf.
c. In the inflorescence meristem, stem cell maintenance is promoted by chromatin
remodeling (SYD), histone arginine methylation (PRMT5) and a chromatin reader
(OBE). Flower primordium initiation requires an auxin mediated switch from
compacted chromatin state (TPL/HDA19) to open chromatin (BRM/SYD). Flower
patterning requires removal of Polycomb repression by the concerted action of
chromatin remodelers (SYD, BRM, PKL) and histone H3K4 trimethylation (ATX1,
ULT1).
d. After floral organ initiation, the flower meristem terminates. AG represses WUS
directly and indirectly via PRC2, KNOX gene expression is silenced by PRC1, and
AP1 lowers CK hormone levels.
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Flower development
Organogenesis (flower primordium initiation) from stem cell descendants at the
periphery of the inflorescence meristem (IM) requires an auxin maximum to activate the
AUXIN RESPONSE FACTOR 5 (ARF5) or MP [135]. When auxin levels are low, negative
regulators of auxin response, the auxin-labile AUX/IAA protein, bind to ARFs like MP and
generate a repressive chromatin environment [135]. AUX/IAA proteins physically interact
with and recruit TPL/HDA19 co-repressor and additionally block MP from interacting with
the SWI/SNF ATPases SYD and BRM [44, 133, 136]. The histone deacetylation generates
a repressive chromatin environment near MP binding sites that prevents auxin response
gene activation in the absence of the hormonal cue. Increased auxin levels in the
primordium founder cells lead to AUX/IAA protein degradation, loss of TPL/HDA19 and
physical interaction of SWI/SNF complexes with MP that opens up the chromatin at target
loci such as LEAFY (LFY) and FILAMENTOUS FLOWERS (FIL) [44]. Histone acetylation
might also contribute to this process. For example, the bZIP11 TF recruits the GCN5
histone acetyltransferase to promote expression of auxin biosynthesis genes [137].
Floral meristems (FMs) arise from subapical stem cells in the center of the
inflorescence [138] and give rise to the primordia of the floral organs [139]. In stage 2
flowers, the FM is fully formed, and floral organ primordium patterning begins by activation
of the floral homeotic genes. Prior to this developmental time point, floral homeotic genes
are silenced by Polycomb repression [139]. ARABIDOPSIS TRITHORAX 1 (ATX1),
promotes up-regulation of the floral homeotic genes through H3K4 tri-methylation [140].
Also, the master regulator of floral cell fate LFY together with the MADS domain TF
SEPALLATA3 (SEP3) recruits the SWI/SNF chromatin remodelers BRM/SYD to the class
B and class C floral homeotic genes [43]. The activity of the remodelers is absolutely
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required to up-regulate the floral homeotic genes and the combined LFY and SEP3
expression domains in the FM overlap with the sited where these floral homeotic genes
are induced. The SAND-domain containing protein ULTRAPETALA 1 (ULT1) acts in
parallel with LFY to activate the C class floral homeotic gene AGAMOUS (AG) [141].
Finally, the CHD3 chromatin remodeler PKL [142] also promotes flower patterning and
upregulation of the floral homeotic genes [143]. A recent paper showed that PKL might be
involved in regulating flower formation through regulating LFY [142, 144]. They showed
that the H3K27me3 level in the promoter region of LFY are affected by loss of PKL
expression and that overexpression of LFY rescue the flowering time phenotype of pkl
mutant [144]. Additionally, a gene, AGAMOUS LIKE 19 (AGL19), which is known to be
regulated by PcG proteins, also activate LFY and AP1 and eventually, lead to early
flowering phenotype [145]. Interestingly, a recent paper showed through ATAC-seq that
promoter region of LFY is open in inflorescence meristem but not mesophyll cells [146].
This seemed to indicate epigenetic regulation of the promoter region of LFY might indeed
be a good target for expression regulation.
Interestingly, flower patterning via activation of the floral homeotic genes is linked
to flower meristem termination [139]. Like the vegetative SAM and the reproductive IM,
FMs express the pluripotency factors WUS and STM [137] (Figure 1.4d). The class C floral
homeotic gene AG directly represses expression of the stem cell promoting gene WUS in
the center of the flower meristem via PRC2 [147, 148]. In addition, AG activates the zincfinger protein KNUCKLES (KNU), which in turn directly represses WUS to terminate
meristem identity (Figure 1.4d) [148]. ARF3 binds to the chromatin of WUS in an AGdependent manner and directly represses WUS expression to promote FM determinacy
[149]. In addition, the SAND domain protein ULT1 represses WUS expression together
with its partner ULT1 INTERACTING FACTOR 1 (UIF1), a MYB- and EAR-domain
containing TF that can bind to WUS regulatory regions [150]. In parallel, AtRING1a and
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AtRING1b (core components of the PRC1 complex) contribute to the termination of floral
stem cell fate through repression of KNOX genes [151]. Finally, the class A floral homeotic
gene AP1 suppresses meristematic activity in the axils of the outermost floral organs, the
sepals, by lowering CK levels (Figure 1.4d). AP1 directly represses expression of the CK
biosynthetic gene LONELY GUY1 (LOG1) and directly upregulates the CK degradation
gene CYTOKININ OXIDASE/DEHYDROGENASE3 (CKX3) (Figure 1.4d) [152]. AP1 can
physically interact with transcriptional co-repressors linked to histone deactylation and with
SWI/SNF group chromatin remodelers [153-155]. Thus, in flowers, tightly regulated
chromatin state switches promote organ initiation, flower patterning and meristem
termination.

Flowering Time Determination
For plants, reproductive success relies largely on determining the right timing for
flowering [156]. Previously, four pathways, which include the sensing of daylength [157],
temperature [158], hormone levels [159] and autonomous signals [156], have bene
identified to affect flowering time. Interestingly, all these pathways seem to converge on
genes known as “floral integrators”, which include SUPPRESOR OF OVEREXPRESSION
OF CON1 (SOC1) [160]and FLOWERING FLOCUS T (FT) [161]. These two factors then
act on downstream genes like LEAFY (LFY) and APETALA1 (AP1) and affect the
transition from branches to flowers, as reviewed in [162]. Although the pathways and
factors affecting flowering time were identified previously through genetic analysis, the
specific mechanism remains largely unknown.
Recently, some publications have elucidated the role of epigenetic modifications
on FT and FLC. One paper showed that an H3K27me3 demethylase, JUMONJI 13
(JMJ13), which contains a catalytic domain that specifically interact with H3K27me3
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substrate, are capable of demethylating its substrates and kept FT expression in check
when timing is wrong [163]. Interestingly, recently, the expression level of FT itself has
been shown to be regulated by trimethylation of histone H3 at Lys 27 (H3K27me3) [164].
Additionally, this paper also identified a high trimethylation region (HTR) that is enriched
in H3K27me3 modification that locates from the second intron to the 3' untranslated region
of FT [164]. This region, according to the researchers, contains a cis regulatory DNA
element that is recognized by transcriptional repressor VIVIPAROUS1/ABSCISIC ACID
INSENSITIVE3-LIKE1 (VAL1), which in turn recruits LIKE HETEROCHROMATIN
PROTEIN1 and MULTICOPY SUPRESSOR OF IRA1, and establish a H3K27me3 peak
at the HTR [164].
On the flip side, one recent paper showed that the balance between Polycomb
group (PcG) and Trithorax group (TrxG) proteins sets appropriate FT expression in long
days in Arabidopsis (Arabidopsis thaliana) [165]. They showed that in PcG mutant lines
where FT was highly de-repressed, additional mutations in chromatin-remodeling factors
PICKLE (PKL) and ARABIDOPSIS HOMOLOG OF TRITHORAX1 (ATX1), but not
photoperiod pathway components, were able to rescue FT levels to wild type [165]. They
suggested that PKL and ATX1 might mediate trimethylation of histone H3 on lysine-4 and
antagonize the effects of PcG proteins [165].
Upstream of FT, it has been shown that a photoperiod sensing factor CONSTANS
(CO) accumulates toward the end of the day, and by associates with the B and C subunits
of Nuclear Factor Y (NF-Y), these factors function as a complex called NY-CO and
promotes FT expression near dusk [166]. However, due to the fact that NF-Y in plants
adapt a more flexible DNA-binding rules [167], it has remained largely unknown how NFY could specifically de-repress FT. One recent publication, fortunately, has elucidated the
mechanism of the de-repression mechanism by NF-CO [168]. They showed that NF-CO
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binds to proximal FT promoter and by forming a chromatin loop with NF-Y factor that binds
to a distal enhancer, they reduced the level of PcG proteins and de-repress FT [168].
Another upstream factor that represses FT expression is FLOWERING LOCUS C
(FLC) and overexpression of FLC is associated with late flowering phenotype [169].
Previously, it has been established extensively FLC expression is regulated by both active
chromatin modifications [170, 171] and repressive histone modifications [172, 173]. Two
factors, FLOWERING LOCUS VE (FVE) and MULTICOPY SUPPRESSOR OF IRA 5
(MSI5) have been shown to function redundantly in FLC repression by maintaining
POLYCOMB REPRESSIVE COMPLEX 2 (PRC2)‐catalyzed H3K27 trimethylation in FLC
[174-176].

More

recently,

researchers

have

shown

that

Arabidopsis

inositol

polyphosphate multikinase (AtIPK2β), through its interaction with FVE, attenuates HDA6
accumulation at the FLC locus, block chromatin silencing of FLC, and negatively regulate
flowering time [177]. Furthermore, researchers have shown that post transcriptional
modification O‐linked β‐N‐acetylglucosamine (O‐GlcNAc) was important for FLC
repression in Arabidopsis. The plant O‐GlcNAc transferases (OGTs) SECRET AGENT
(SEC), through O‐GlcNAc modification, activates ARABIDOPSIS HOMOLOG OF
TRITHORAX1 (ATX1), a histone lysine methyltransferase (HKMT). Subsequently, ATX1,
through its activated SET domain by O‐GlcNAc on Ser947, de-repress FLC and induce
early flowering [178].
Previously, it has been shown that the deposition of histone variant H2A.Z by
SWR1 complex (SWR1-C) is important for regulatory processes [179]. Although
researchers were not able to identify changes in H2A.Z deposition at the FLC locus or the
expression of FLC when SWC4 was mutated, SWC4 silencing does impair SWR1-C
binding at FT [179]. Recently, the interaction of Arabidopsis SWC4 and SWC6 were shown
to be associated with the deposition of H2A.Z that ultimately change growth and
developmental processes [179]. Using one subunit of SWC1-C ARP6 as bait for IP-mass
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spec and Tandem Affinity Purification (TAP), researchers identified one protein methyl
CpG-BINDING DOMAIN 9 (MBD9) containing the plant homeodomain (PHD) and
Bromodomain being another factor that play a crucial role in H2A.Z deposition [180].
Consistently, a forward genetic screening for the REPRESSOR OF SILENCING 1 (ROS1)
mediated DNA demethylation and anti-silencing also confirmed the interaction between
MBD9 and SWR1-C [181]. Additionally, ARP6 has been shown to be related to MBD9 and
nuclear protein X1 (NPX1) mediated methylation [182], which also regulates flowering time.
Interestingly, a recent finding showed phosphorylation of H2A at serine 95 by
MUT9P-LIKE-KINASE (MLK4) might play roles in flowering time determination. After
recruitment

to

the

GIGANTEA

(GI) promoter

locus

by

CIRCADIAN

CLOCK

ASSOCIATED1 (CCA1) which also interacts with the YAF9a subunit of SWR1-C and
NuA4 complexes MLK4 phosphorylation of H2A marks GIGANTEA (GI) promoter for
H2A.Z enrichment and H4 acetylation [183]. Furthermore, temperature-induced
hypocotyl/petiole elongation and early flowering had been associated with the interaction
of POWERDRESS (PWR) with HISTONE DEACETYLASE 9 (HDAC9) [184].

Discussion
From the recent investigations, the picture that emerges is that developmental and
environmental cues are integrated by hormonal pathways and by the chromatin state.
There is crosstalk between these: hormonal pathways trigger chromatin state changes
and chromatin modification and remodeling alter hormone accumulation, signaling and
response. In addition, the large-scale transcriptional reprogramming that occurs during
these developmental switches is coordinately orchestrated by many diverse chromatin
regulators; this enhances both robustness of the underlying chromatin state changes and
ability to fine-tune the response by diverse cues. Other conclusions are less universal. For
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example, while Polycomb repressive complexes and SWI/SNF chromatin remodeling
ATPases frequently act in opposition, they can also jointly promote a specific
reprogramming event by acting on the same or on different targets.
A longstanding question has been whether the writers, erasers and readers of the
chromatin state changes that accompany major reprogramming events are permissive –
by allowing master transcriptional regulators to exert their roles in transcriptional
reprogramming or by preventing them from doing so - or whether they can also be decisive,
that is to say they can interpret intrinsic and extrinsic cues to trigger the reprogramming
events. While the jury is still out on this question – what has become clear is that the
boundaries between TFs and the chromatin regulators are becoming more and more
blurred. Some TFs in plants are more promiscuous in their genome occupancy than
chromatin regulators [185]. In addition, as outlined above, it has become apparent that
many developmental or environmental cues are directly interpreted by chromatin
regulators and modulate their spatial, temporal and condition-dependent accumulation or
activity [104, 186-189].

To better understand developmental transition in the context of chromatin in plants,
challenges for the future include:
1. To elucidate the cell, tissue and condition dependent roles of chromatin regulators by
spatially restricted loss- and gain-of-function mutants in these regulators combined with
cell/tissue-specific epigenome analyses.
2. To identify in temporal resolution the order and logic of the series of chromatin state
changes that lead to repression and activation of new gene expression programs.
3. To define the composition of the individual or multifunctional complexes that trigger
chromatin state changes and to determine how their formation and activity is controlled by
extrinsic or intrinsic cues.
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4. To uncover the biological roles in plant development or stress responses of the large
number of predicted chromatin regulators present in plant genomes whose biological roles
are not yet understood.
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Chapter 2 LEAFY Regulates Flower
Initiation and Floral Patterning
As mentioned in Chapter 1, flowering time is controlled by various external signals
including photoperiod pathway, autonomous pathway, vernalization pathways and GA
pathway [156, 171, 174, 175, 177, 183]. With photoperiodic pathway converting on
CONSTANS (CO) [157, 168], vernalization pathway affecting FLOWERING LOCUS C
(FLC) and AGAMOUS-LIKE 24 (AGL24) [173, 190, 191], GA pathway instead directly
affect floral pathway integrator SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1)
[191-195] and initiates vegetative to reproductive phase transition.

Figure 2.1 Pathways affecting flower timing and flower formation

Figure 2.1. Pathways affecting flower timing and flower formation.
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Once the decision to transition to reproductive phase is made, downstream
transcription factors that are important for flower initiation and patterning, particularly the
master regulator of flower formation LEAFY (LFY), are induced [196-205]. This transition
started from transforming the shoot apical meristem (SAM) identity to flower meristem
identity [206]. During vegetative stage, SAM is maintained by the balanced feedback loop
of WUSCHEL (WUS) and CLAVATA3 (CLV3): by inducing CLV3, which is a negative
regulator of WUS, WUS keeps its own expression level in check in SAM [207, 208]. Once
floral pathway integrator SOC1 is turned on by multiple pathways, it induces LFY either
directly or through AGL24 [194, 209-211], and LFY then initiates a cascade of gene
expression changes (Figure 2.1).

Figure 2.2 Expression pattern and gene regulatory pathway in floral meristem

Figure 2.2 Expression pattern and gene regulatory pathway in floral meristem A.
Expression patterns of flower formation related transcription factors in SAM and flower
meristem (FM). B. Maintenance of SAM by CLV3 and WUS feedback loop. C. Initiation of
FM through LFY and UFO.
Among the earlier event upon LFY induction, LFY turns on APETALA1 (AP1),
which is a marker for earlier stage in flower development and represses TERMINAL
FLOWER 1 (TFL1) [212]. Meanwhile, acting together with its co-regulator UNUSUAL
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FLOWER ORGAN (UFO), they start activating floral homeotic genes AGAMOUS (AG)
[200]. The expression of AG then either directly or indirectly through KNUCKLES (KNU)
[147, 213]. By repressing WUS in the SAM, the identity for the stem cells than transition
into floral meristem, which is marked by the expression of LFY and AP1 [214, 215]. Finally,
together with co-regulators, LEAFY then physically interact with floral homeotic genes to
regulate flower patterning [216].

Figure 2.3 Known upstream and downstream regulator of LFY in the genetic pathways
associated with flower initiation and formation

Figure 2.3 Known upstream and downstream regulator of LFY in the genetic pathways
associated with flower initiation and formation.

When it comes to the patterning of flower organs, the ABC gene model is widely
accepted [217-219]. After LFY is induced, it directly and rapidly up-regulates A-function
gene AP1, which is initially expressed uniformly throughout floral primordia [215, 220],
with no requirement for region- or flower-specific co-regulator. Recently, it has been shown

32

that up-regulation of AP1 by LFY is fully dependent on functionally redundant genes
BLADE ON PETIOLE 1 (BOP1) and -2 (BOP2) (Figure 2.3) as well as CULLIN3 (CUL3)RING ubiquitin ligases (CRL3) [221]. interestingly, the substrate adaptor of CULLIN1RING ubiquitin ligase complexes (CRL1), UFO, is shown to be important for upregulation
of B gene AP3 [200, 222, 223] and C gene AG [200] . While LFY provides flower-meristem
identity, UFO provides region specificity for B and C genes [200, 222, 223] (Figure 2.3).
In the region where AG is expressed, it represses AP1 and allows other MADS box
transcription factors, such as AP2 and SEP3, to come in for specific floral organ patterning
[224, 225].
Although the genetic pathways for reproductive phase transition and floral organ
patterning are well-characterized, it remains unknown how LFY overcomes repressive
chromatin states and initiates downstream event. And my thesis focuses on elucidating
the regulatory mechanism that enables such dramatic phase transition.
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Chapter 3 Biochemical assays confirm the
potential of LFY being a pioneer TF and
root explants system is well-suited to assess
pioneering activity
Abstract
During multicellular eukaryote development, lineage specific master transcription
factors activate new gene expression programs to direct cell fate reprogramming. As
chromatin represents a barrier for association of transcription factors with the genomic
DNA, a key question is how the master transcription factors contact their binding motifs.
A special class of transcription factors, termed pioneer transcription factors, can bind their
target sites in the context of nucleosomal DNA in chromatin. Moreover, pioneer
transcription factors have been implicated in cell fate reprogramming. Although plants
frequently reprogram cell fate in response to a changing environment, pioneer
transcription factor activity has not been tested in this kingdom. Here we identify the
master transcription factor LEAFY (LFY) as a pioneer transcription factor. LFY binds in
vitro in a sequence-specific manner and with high affinity to native target locus DNA
assembled into a nucleosome. Based on genomic analyses, LFY also binds nucleosomal
DNA in vivo. This chapter established a plant culture system that allows synchronized and
uniform LFY expression that recapitulates endogenous sequence of events. By showing
that genome-wide, a majority of LFY binding sites has nucleosome occupancy, we set the
stage for further investigation of the nucleosomal bound sites (termed “pioneering” sites)
and nucleosome free sites (termed “traditional” sites) and the subsequent event upon LFY
binding as a pioneer TF. Our findings uncover remarkable similarities between the activity
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and characteristics of plant and animal pioneer transcription factors suggesting that plants
may be an excellent system to define the properties of pioneer transcription factors.

Introduction
Chromatin compaction prevents expression of inappropriate or detrimental gene
expression programs, this allows formation of distinct cell types that each share the same
genome [226]. The first order of compactions is the nucleosomal DNA which consists of
147 bp of DNA wrapped 1.7 turns around the histone octamer (two copies each of histone
H2A, H2B, H3 and H4) [227]. Nucleosomal DNA is further compacted by the linker histone
H1, which associates with the dyad (midpoint) of the nucleosome and contacts the nonhistone bound DNA between nucleosomes [228]. Some of the silenced gene expression
programs need to be activated during later developmental stages [229]. Such
transcriptional reprogramming generally relies on master transcription factors that bind to
their cognate cis motifs [230]. A key question is how master transcription factors can
contact these binding sites in the context of repressed chromatin. While most transcription
factors only access cis motifs on histone-free DNA, a special class of transcription factors,
termed pioneer transcription factors, can recognize their cognate binding motifs in the
context of nucleosomal DNA [226, 231]. This renders pioneer transcription factors ideally
suited to enable cell fate reprogramming. Indeed, in mammals the FoxA pioneer
transcription factor programs endodermal cells to adopt liver fate [232-234], while the Oct4,
Klf4 and Sox2 pioneer transcription factors reprogram fibroblasts to induced pluripotent
stem cells [235, 236]. One other interesting example is with regard to stomatal
differentiation by a bHLH protein called MUTE [237]. By inducing the gene expression of
a suite of cell-cycle genes, and their transcriptional repressors, FAMA and FOUR LIPS, it
allows a pulse of cell-cycle gene expression leading to one single cell division that create
functional stomata [237].
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Plants, as sessile organisms, do not elaborate their body plan during
embryogenesis. For example flowers form months or even years after the embryo
germinates [238]. Throughout this process, various regulatory factors, including
ubiquitinases and chromatin remodelers, were expressed at different points of time and
turn on various cascade of gene expressions and ultimately initiate a different phase of
development in plants [239]. During some processes such as embryo development, two
H2A deubiquitinases Ubiquitin-Specific Protease 12 and 13 (UBP12, UBP13) partnered
with H3K27me3 binding protein Like Heterochromatin Protein 1 (LHP1) and repress
autonomous endosperm development [16, 17]. On the other hand, the initiation of seed
maturation is mainly controlled by three B3 domain TFs, LEAFY COTYLEDON2 (LEC2),
ABSCISIC ACID (ABA) INSENTITIVE3 (ABI3) and FUSCA3 (FUS3). These factors work
in concert with the CCAAT-box binding complex component LEAFY COTYLEDON1
(LEC1), to regulate ABA, auxin, GA and sugar response [50].
For us, we are particularly interested in the vegetative to reproductive transition
and the helix-turn helix transcription factor LEAFY is a master regulator of floral fate and
was shown to be both necessary and sufficient to trigger flower formation in the
inflorescence [215, 238]. Arabidopsis thaliana is a good model system to study
reprogramming since all living plant cells can de-differentiate (i.e. form root explants) via
root developmental pathway, when exposed to a combination of auxin and cytokinin (CK)
hormones [93]. Like induced pluripotency in animals [95], root explants formation in plants
requires epigenetic reprogramming and is normally companioned by a loss of H3K27me3
[96].
The helix-turn helix transcription factor LEAFY is both necessary and sufficient to
trigger flower formation on shoots [215, 238]. LFY also reprograms root cells to flower fate,
when ectopically expressed together with the pluripotency factor WUSCHEL [240]. In root
explants, inducible activation of LFY triggers synchronous, abundant flower formation
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without first forming a shoot [241]. A key direct target of LFY is APETALA1 (AP1), a MADS
box transcription factor, which is a commitment factor for flower fate [220, 242, 243].
Interestingly, inducible upregulation of LFY can trigger flower formation directly from root
explants [241]. Moreover, LFY gain of function combined with induction the pluripotency
regulator WUSCHEL is sufficient to trigger ectopic flower formation from roots on intact
plants [240]. The ability to reprogram cell fate and its role as a master regulator of floral
fate suggest that LFY may be a licensing factor for this developmental fate, an attribute
shared with animal pioneer transcription factors. This prompted us to test the hypothesis
that LFY acts as a pioneer transcription factor. Thus far pioneering activity has not been
directly tested for any of ca. 2000 plant transcription factors.
In the current study, we show that in vitro LFY binds with high affinity and specificity
to a native regulatory fragment from the AP1 locus assembled into a nucleosome. In vivo,
the majority of the LFY bound sites, including that at AP1, are nucleosome occupied.
Based on whether the direct LFY targets (bound and differentially expressed after 24 hr
of LFY induction) have nucleosome occupancy or not, we categorized LFY binding sites
into “pioneering” and “traditional” and set the stage for further investigation on the
biological significance of binding to “pioneering” sites.

Results
LFY binding site at AP1 promoter has nucleosome occupancy in vivo, and is capable of
reconstitute a nucleosome in vitro
One key criterion for pioneering transcription factors is that they bind to
nucleosomal DNA in vitro and in vivo. To probe the ability of LFY to associate with
nucleosomal DNA in vitro, we examined published MNase seq data [244] and identified a
well-positioned nucleosome over a functionally important LFY binding site at a key LFY
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target, the floral commitment factor APETALA1 (AP1) [242, 245] (Figure 3.1A). This
particular cis motif is located 777-790 upstream of AP1 transcriptional start site (TSS)
[246]. Interestingly, right next to the LFY binding site, there is one binding site for the MYB
transcription factor LATE MERISYEM IDENTITY 2 (LMI2), which activates AP1 together
with LFY in a coherent ‘and’ logic feed-forward loop [199] (Figure 3.1G). LMI2 binding site
[199, 247, 248], which located 747 to 754 upstream of AP1 transcriptional start site (TSS)
(Figure 3.1A) is 24 bp distal from the LFY binding site but further from the nucleosomal
dyad.
To make in vitro nucleosomes with our DNA fragments of interest, we first
expressed and purified recombinant human full-length histones H2A, H2B, H3, and H4 as
described previously [249]. SDS gel confirmed that each protein prep was pure and of
expected sizes (Figure 3.1B). After assembling H2A/B and H3/H4 dimers respectively,
thrombin digests were performed to cleave off attached 6XHis-tag used for purification as
described previously [249]. As SDS gel shown, the undigested dimers (“u” lanes in Figure
3.1C) were of larger sizes and the digested dimers (“d” lanes in Figure 3.1C) were of
smaller sizes and had additional bands of the sizes of 6Xhis-tag fused to core histone
proteins previously.
To get DNA materials that are pure and concentrated enough for nucleosome
assembly, we firstly made pUC19 plasmids with 152 bp fragments of interest flanking by
BamHI digestion sites as described previously [249]. The fragments we used were shown
in Figure 3.1D. The 152 bp native AP1 regulatory region that encompasses the
nucleosomal DNA with the LFY binding site at its center (TAIR10 Chr1:25,986,456 –
25,986,608) were used as our wild type (WT) sequence (LMI2 wt = LFY wt = WT). Two
other sequences with either mutated LMI2 binding site (LMI2 mut) or mutated LFY binding
site (LFY mut) (Figure 3.1D) were also synthesized and put into pUC19 plasmids flanked
by BamHI restriction digestion sites the same way as WT sequence (plasmid construction
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done through GeneScript). We then used Qiagen Plasmid Mega Kit (Qiagen 12181) to
extract plasmids from up to 2 liter of E.coli expressing pUC19 plasmids containing
customized 152 bp fragments flanked by BamHI restriction digestion sites as described
above. After plasmid purification according to manufacturer’s protocol, we over-night
digested obtained highly concentrated, pure plasmids with BamHI restriction enzymes.
The 152 bp DNA fragments were separated from the backbone by running the digested
products in 2% Agarose gel. The gel fraction containing the smaller fragments were then
excised and put into a dialysis tube. Desired DNA fragments were collected by running
them off the excised gel and into a dialysis tube as described previously [249]. Subsequent
purification, including chloroform extraction and overnight precipitation was performed to
obtain final 152 bp DNA fragments.
In order to visualize DNA and DNA-wrapped nucleosomes in the subsequent steps,
we ligase Cy5-labeled cysteine to Klenow-trimmed DNA fragments and purified as
described previously [249]. We next assembled the three Cy5-labeled 152 bp DNA
fragments (WT, LMI2 mut, and LFY mut) as described before [249]. Briefly, as with
pioneers in this field did with FoxA and OCT4 [95, 250], we mixed highly concentrated Cy5 labeled 152 bp DNA fragments with recombinant histone dimers in a high salt, high urea
condition and dialyzed down to zero urea, relatively low salt condition. During the two-day
dialysis processes, the native DNA fragment assembled into stable nucleosomes, which
were further purified by glycerol gradients (Figure 3.1E). Glycerol gradients were made of
10%-30% glycerol solution and had been proven to be able to separate unassembled free
DNA from assembled nucleosomes (Cy5-labeled DNA fragments + H2A/B dimer + H3/H4
dimer) [249]. As shown here in Figure 3.1E, when we run individual fractions after
overnight ultrahigh speed centrifuge in glycerol gradient, the fractions we collected in the
middle were largely composited of assembled nucleosomes. These fractions (Figure 3.1E)
were pooled, dialyzed to remove glycerol and concentrated for nucleosomal EMSA in
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subsequent steps. We assembled WT, LMI2 mut and LFY mut versions of the native AP1
regulatory region into nucleosomes (Figure 3.1F).
The fact that our 152 bp DNA fragments were able to assemble with histone dimers
into nucleosomes indicate that this region is in vitro capable of wrapping around a
nucleosome, which is not always true for any DNA fragments [249]. This piece of data is
consistent with inflorescence ChIP-seq and MNase-seq data that we saw before (Figure
3.1A) and allowed the possibilities of further investigation of LFY as a pioneer TF.

Figure 3.1 LFY binding site at AP1 promoter has nucleosome occupancy in vivo, and is
capable of reconstitute a nucleosome in vitro

Figure 3.1 LFY binding site at AP1 promoter has nucleosome occupancy in vivo,
and is capable of reconstitute a nucleosome in vitro
A Top: Well positioned nucleosome [244] at the AP1 regulatory region over a functionally
important [245] LFY binding site. Vertical line: nucleosome dyad; first horizontal line
nucleosome called by Danpos2, second horizontal line LFY binding motif [245, 246].
Bottom: Diagram of AP1 locus with LFY and LMI2 binding motifs [199, 247]. B. Core
histone proteins after purification. C. H2A/B and H3/4 dimer assembly and His-tag removal
by thrombin digestion. u = undigested, d = digested, the lower band in digested lanes are
cleaved His-tags). D. Native AP1 regulatory region DNA containing wild type and mutated
LFY and LMI2 binding sites (Chr1:25,986,456 – 25,986,608). E. Glycerol gradient of
nucleosomes assembled with Cy5-labeled native AP1 DNA to separate nucleosomal from
free template. F. Assembled nucleosomes after glycerol gradient. G. LFY and LMI2 feedforward loop for transcriptional activation of AP1 [199].
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Figure 3.2 The HTH TF LFY binds to nucleosomal DNA in vitro specifically and with high
affinity

Figure 3.2 The HTH TF LFY binds to nucleosomal DNA in vitro specifically and with
high affinity
A. LMI2 and LFY proteins purified by Ni-NTA and anion exchange as described in Star
Methods. Proteins were of expected sizes and desired purity. B. Conventional EMSA
showing purified LFY protein binding to Cy5-labeled native AP1 regulatory region DNA in
a sequence specific manner. C. Conventional EMSA showing purified LMI2 protein
binding to Cy5-labeled native AP1 regulatory region DNA in a sequence specific manner.
Arrowheads point to unshifted (bottom) and bound (shifted) DNA. D. Nucleosomal EMSA
of LFY binding to native AP1 regulatory DNA assembled into nucleosomes containing a
wild-type or a mutated binding motif near the nucleosome dyad (left). Nucleosomal EMSA
of LMI2 (right). E. Apparent KD of LFY and LMI2 for naked and nucleosomal AP1 locus
binding. ND: not detectable. F. Conventional EMSA and nucleosomal EMSA for LFY (F)
and LMI2 (G) in the same gel.
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We first purified recombinant LFY and LMI2 proteins using E.coli and by running a
protein gel, we confirmed that both proteins were reasonably pure and are of expected
molecular weight (Figure 3.2A). Secondly, we test whether LFY and LMI2 can associate
with their respective binding site in the 160 bp naked AP1 regulatory DNA in vitro (Figure
3.2B, C). Both proteins, by performing conventional EMSA experiment, bind to AP1 locus
regulatory DNA in a binding site-specific manner and with high affinity (with Kd of 3.9 for
LFY and 2.2 for LMI2, Figure 3.2B, C). On the basis of nucleosomal EMSAs, LFY bound
its cis motif in the context of a nucleosome (10 bp from the dyad or midpoint) with high
affinity (KD = 9.6; Figure 3.2E). LFY did not bind the nucleosomal substrate when its
consensus motif was mutated, indicating that LFY associates with nucleosomal DNA in a
sequence specific manner (Figure 3.2D). The observed binding affinities are very similar
to those described for mammalian pioneer transcription factors [95, 250]. On the contrary,
LMI2 was unable to associate with nucleosomal DNA even at high molar excess (Figure
3.2D, E). To confirm that the shifts we observed from nucleosomal EMSA were indeed
shift of nucleosomes, we run conventional and nucleosome EMSA on the same gel for
both LFY (Figure 3.2F) and LMI2 (Figure 3.2G). Indeed, nucleosomal shifts were of
different size to free DNA shifts for LFY and no detectable shifts were observed when
LMI2 was added to assembled nucleosomes (Figure 3.2F, 2.2G). These data indicted the
specificity of LFY binding to both free and nucleosomal DNA and that nucleosomal binding
is not observed in all transcription factors.

Plant tissue culture system is implemented to allow synchronized, inducible and uniform LFY
expression
To test whether LFY can bind to nucleosomal DNA in vivo, we took root explants
and utilized root explants inducing medium (CIM) (a combination of auxin and cytokinin
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(CK) hormones [93]). This system is extremely powerful since it allows partial dedifferentiation (i.e. form root explants) for further reprogramming. We supplied LFY from a
constitutive promoter as a glucocorticoid receptor hormone binding domain fusion protein
(35S:LFY-GR). Roots were harvested from plate-grown seedlings grown after three weeks
in long-day and are then incubated in CIM for a certain amount of time. Upon steroid
treatment, LFY-GR enters the nucleus [242], and initiated reprogramming of root explants
to flowers by inducing synchronous cell fate changes in a large number of cells (Figure
3.3a A). For reprogramming to flower fate, roots were treated with dexamethasone on CIM
for 7 days and transferred to shoot inducing medium as previously described [241].
To optimize the length of CIM incubation, roots were incubated for one to seven
days on CIM followed by a 3 day treatment with synthetic steroid dexamethasone (dex;
5uM in 0.1% ethanol) or mock (0.1 % ethanol) solution (schematics shown in Figure 3.3a
B). To obtain a more biological meaningful view of the system, the expression level of AP1
in root explants was normalized over that observed in inflorescences using the equal
amounts of RNA as starting material. As can be seen in the graph, AP1 responded to
dexamethasone treatment (supposedly LFY induction) most drastically after 5 day CIM
incubation (Figure 3.3a C). Therefore, 5 day of CIM incubation was chosen as the end
point for all experiments in this system.
To test the kinetics of AP1 upregulation upon dexamethasone treatment, while
incubating root explants on CIM for 5 days, they were treated with 5nM dexamethasone
for the indicated time prior to ZT6 at day 5 with dexamethasone or mock solution (Figure
3.3a D). Albeit the fact that 5 day dexamethasone treatment gave the highest upregulation
(Figure 3.3a E), we choose 1 hr dexamethasone as our time point for MNase and LFY
ChIP to probe binding and nucleosome occupancy before major upregulation of AP1, up
to 1 day of dexamethasone treatment for gene expression changes and recruitment or
replacement of other factors (e.g., transcription factors, chromatin remodelers or linker
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histone), and up to 5 day of dexamethasone treatment for large scale chromatin opening
events. In general, roots were harvested from 3-week-old plate-grown seedlings under
long-day conditions, treated with dexamethasone or mock solutions from 1hr to 5 days
while on CIM, and harvested at the same end point at ZT6 on day 5 of the CIM incubation
(Figure 3.3a F).

Figure 3.3a System optimization of the root explant system
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Figure 3.3a System optimization of the root explant system.
A. Reprogramming of root explants expressing LFY conditionally (35S:LFY-GR [242]).
Both callus inducing medium (CIM) to generate root explants and shoot inducing medium
(SIM) had different concentration of auxin and cytokinin and CIM allowed de-differentiation
while SIM induced dedicated differentiation [242]. B. Schematic showing experimental set
up: after 1, 3, 5, or 7 days of incubation on CIM followed by a 3 day dexamethasone or
mock treatment. C. Expression levels of direct LFY target APETALA1 (AP1) in root
explants were measured. Expression level was normalized over that observed in
inflorescences using the equal amounts of RNA as starting material. MS: root directly after
harvest. D. Schematic showing experimental set up: while incubating root explants on CIM
for 5 days, they were treated with 5nM dexamethasone for the indicated time prior to ZT6
at day 5 with dexamethasone or mock solution. E. Expression levels of direct LFY target
APETALA1 (AP1) in root explants were measured - upregulation of AP1 was first detected
24 hours after LFY-GR activation by dexamethasone. Expression level was normalized
over that observed in inflorescences using the equal amounts of RNA as starting material.
F. Timeline for proposed whole genome sequencing.
After optimizing the duration of root pre-conditioning on root explants medium, we
examined the kinetics of LFY binding and target locus (AP1) activation upon treatment
with the synthetic steroid dexamethasone (schematics shown in Figure 3.3b A) using LFY
ChIP. ChIP was conducted as previously described [251] using rabbit polyclonal anti-LFY
antibodies [242, 252]. With the experimental design indicated in Figure 3.3b A, we showed
that LFY binding to the AP1 locus was rapid, with strong occupancy observed already 20
min after treatment (Figure 3.3b B), while robust AP1 upregulation was detected after 24
hours with further increase in message accumulation up to five days (Figure 3.3a E). As
mentioned before, we choose 1 hr dexamethasone treatment as our time point (Figure
3.3b C) for MNase probe nucleosome occupancy before major upregulation of AP1.
Following previously published method [44, 251, 253, 254], we designed tiled oligos
flanking the well-positioned nucleosome present in inflorescences [244] (primers used
listed in table S1). MNase digestion followed by tiled oligo qPCR uncovered a wellpositioned nucleosome with the nucleosome center (dyad) in the center of MNase primer
3 (arrow), at the LFY bound site [245, 246, 252] at the AP1 locus in root explants (Figure
3.3b D), confirming suitability of this system for our analyses. Detailed MNase digestion,
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mono-nucleosome recovery and qPCR normalization methods were described in the
Materials and Methods section.

Figure 3.3b Kinetic dynamics of LFY binding and nucleosome occupancy in AP1 loci

Figure 3.3b Kinetic dynamics of LFY binding and nucleosome occupancy in AP1
loci
A. Diagram showing the schematics used to assess the kinetics of LFY recruitment to the
AP1 locus, root explants were treated with dexamethasone or mock solution for 2 days, 1
hours or 20 minutes before ZT6 on day 5 on CIM. B. LFY occupancy at the locus
measured by LFY ChIPqPCR. C. Diagram showing the schematics of MNAse-qPCR. D.
Nucleosome occupancy in each region after normalizing to the Gypsy (AT4G07700)
retrotransposon region [254].

LFY has similar genome wide targets in the root explants system as in inflorescence
We next conducted LFY ChIPseq using LFY-specific antibodies [246] in root
explants one hour after dexamethasone or mock treatment. For LFY ChIP-seq, each
biological replicate was generated by pooling four individual ChIP reactions prior to DNA
purification by MinElute PCR columns (Qiagen, 28004). Three biological replicates were
sequenced for each condition. After library preparation with SMARTer ThruPLEX DNA-
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Seq Kit (Takara Bio, R400406), 3 mock samples, 3 dex samples and 3 input samples were
sequenced using NextSeq 550/500 High Output Kit v2 (Illumina, TG-160-2005) on the
NextSeq500 platform (Illumina).
After processing raw data we obtained from Illumina BaseSpace, we further
trimmed (Trimmomatics (v0.32) [255]), QC-ed (FastQC (v0.11.5) [256]) and mapped
(Bowtie2 v2.3.1 [257]) read to release 10 of the Arabidopsis Genome (TAIR10) [258] as
described in the method session (detailed description in Material and Methods session).
Using 3 mock replicates as control files and 3 dexamethasone files as treatment files, we
used MACS2 [259, 260] callpeak command to get LFY peaks that were only enriched in
dexamethasone-treated samples. This yielded 1166 significant LFY peaks. For quality
control, Spearman correlation coefficients of the reads at LFY peak regions were
generated for comparison of the biological replicates using Deeptools (v3.3.0) [261, 262]
(Figure 3.4A). The plot showed that three treatment files clustered together, while three
mock files clustered away from treatment file and somewhat different from each other
(Figure 3.4A), which is expected since these were background signals that should not
have any significance.
We also visualized each replicate in Integrative Genomic Viewer (IGV) for two
known LFY targets, APETALA1 (AP1) and REGULATOR OF AXILLARY MERISTEMS 1
(RAX1) [246, 263] – and peaks are reproducible and consistent (Figure 3.4B).
Furthermore, we took 1166 significant LFY peaks summits, ranked them by q value and
plotted the signals +/- 1kb from the summit using either pooled mock or dexamethasonetreated samples in a heatmap (Figure 3.4C). Indeed, in those regions, only
dexamethasone-treated samples showed significantly higher signals and no statistically
significant signals were seen in the mock samples. These data collectively confirm the
high quality of our ChIP-seq data set.
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To further confirm the biological legitimacy of our ChIP-seq data, we took +/- 60
bp from the summit of 1166 significant peaks and used HOMER motif analysis (v4.10.3)
[264] to predict de novo motif in those regions. The number 1 ranking de novo motif (1E247) from HOMER (Figure 3.4D upper) was the known LFY consensus motif [246, 263].
Moreover, a large fraction of the binding peaks identified overlapped with those previously
described for seedlings [246] at the time of flower initiation. For further analysis,
inflorescence LFY ChIP-seq data [265] was retrieved from GEO (GSE64245 samples
SRS794763 and SRS794763). After trimming, mapping and calling peaks the same way
as we did for root explants LFY ChIP-seq, we identified 1952 peaks from this dataset.
Similarly, we took +/- 60 bp from the summit of 1952 significant peaks and used HOMER
motif analysis (v4.10.3) [264] to predict de novo motif in those regions. The number 1
ranking de novo motif (1E-87) from inflorescence (Figure 3.4D lower) resembled the motif
identified from root explants LFY ChIP-seq (Figure 3.4D upper).
We next wanted to understand whether those peaks overlap well with LFY ChIP
peaks that were identified either in seedling [252] or in inflorescence [265] and what
percentage of the peaks has the known LFY consensus motif [246, 263]. Using bedtools
v2.26.0 intersect function [266], we saw that 23.5% of root explant LFY peaks overlap with
inflorescence LFY peaks by at least 1 bp and that up to 52.9% overlap with LFY peaks
identified form seedling ChIP (Figure 3.4E). On top of that, 72.6% of the peaks contains
the primary cis motif [246, 263] and 94% of the peaks contain either primary or secondary
motif [246, 263] (Figure 3.4E). These data combined indicate that LFY binding profiles in
the root explants resembles its binding profile in seedling [252] and in inflorescence [265]
and we identified high-confidence LFY binding sites since almost all of them contain either
primary or secondary LFY consensus motif. It is expected that the peaks identified in root
explants overlap more with peaks identified in seedlings since in both cases LFY directs
onset of flower formation.
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Figure 3.4 LFY has similar genome wide targets in the root explants system as in
inflorescence

Figure 3.4 LFY has similar genome wide targets in the root explants system as in
inflorescence
A. Spearman correlation coefficients of mock and dexamethasone treated 35S:LFY-GR
ChIP-seq replicates from root explants. Correlation analysis was conducted for significant
LFY peak-regions (MACs qval≤10-10). B. IGV screenshots of mock and dexamethasone
treated 35S:LFY-GR ChIP-seq replicates at the AP1 and RAX1 locus. C. Heatmap of
significant mock and dexamethasone treated 35S:LFY-GR binding peaks centered on
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LFY peak summits and ranked by binding q value. D. Above: Top ranked de novo motif
identified by Homer [264] under significant LFY peak summits (+/- 60bp) in root explants.
Below: Known LFY motif [265]. E. Overlap of root explant LFY peak associated genes with
known direct LFY peak targets [252] during onset of flower formation (seedl.), during
flower pattering (infl.), with the known (primary) LFY motif shown in (E), or with all known
LFY motifs (prim +sec motif) [252].

LFY has similar direct targets in the root explant system as in seedlings
To examine transcriptional reprogramming of LFY, we conducted RNAseq one, six
or twenty-four hours after dexamethasone or mock treatment in LFY-GR root explants.
Firstly, similar to what we did with ChIP-seq dataset, Spearman correlation coefficients of
the reads at all protein coding gene regions were generated for comparison of the
biological replicates using Deeptools (v3.3.0) [261, 262] (Figure 3.5A). Interestingly, only
after 24-hour treatment, dex samples clustered distinctly from mock sample, and samples
predominantly cluster based on the length of treatment (Figure 3.5A). We then visualized
individual samples in IGV and again choose two direct LFY targets, AP1 and RAX1 [252],
and one control loci, ACTIN2 (ACT2, a housekeeping gene that is always active). Clearly,
RAX1 started to show upregulation after 6 hours (comparing 6 hr dex samples to 6hr mock
samples) and both AP1 and RAX1 were statistically significantly up-regulated after 24
hours (Figure 3.5B, left and middle). On the contrary, ACT2 loci showed consistently high
level of expression regardless of the length of treatment and whether mock or dex was
added to root explants (Figure 3.5B, right).
To further characterize our RNA-seq dataset, we used normal shrinkage
parameter in Deseq2 [267] to identify differentially expressed genes (dex over mock). We
uncovered 6, 33 and 302 differentially expressed genes with qval <0.01 [268] and the
differentially expressed genes strongly overlapped with known LFY regulated genes [246]
(Figure 3.5C).
These data combined validate the high quality of our RNA-seq dataset and root
explants system as an ideal system to study reprogramming.
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Figure 3.5. LFY has similar direct targets in the root explant system as in seedlings

Figure 3.5. LFY has similar direct targets in the root explant system as in seedlings
A. Spearman correlation coefficients of 1hr, 6hr and 24hr mock and dexamethasone
treated 35S:LFY-GR RNA-seq replicates from root explants. Correlation analysis was
conducted using signals across the entire genome. B. IGV screenshots of RNAseq
replicates. C. 5, 33, and 302 LFY peak associated genes were differentially expressed
after 1, 6 or 24 hours of dexamethasone treatment. Of these 3, 21 and 132 genes
overlapped with known LFY direct targets [252, 269], respectively.

As mentioned before, we chose 1 hr of dexamethasone or mock treatment
at the last hour of 5 day CIM incubation to perform MNase experiments (Figure
3.3b C). We performed MNase sequencing using either low or standard (high)
MNase digestion [270] at the time point mentioned before. Previously, it has been
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showed that low MNase digestion yielded nucleosome positioning maps that retain
fragile nucleosomes in the ‘nucleosome deplete region’ upstream of the
transcription start site [270]. We used 0.5U/ul to 0.05U/ul micrococcal digestion to
achieve high to low digestion (Figure 3.6A). With high digestion (0.5U/ul), the
majority of the digested chromatin have the size of mono-nucleosome (~150bp)
(Figure 3.6A, left lane) while low digestion yield a considerably lower percentage
of mono-nucleosome and the majority of nucleosome remain undigested (Figure
3.6A, right lane). After analyzing our MNase-seq data after trimming, filtering,
mapping and generating heatmap around transcription start site (detailed methods
in the materials and methods section), we see that indeed low digestion retained
the nucleosome in the ‘nucleosome deplete region’ upstream of the transcription
start site (Figure 3.6B).
We first looked at key LFY targets, AP1 and RAX1, and the negative loci
ACT2, in the Integrated Genome Viewer. Firstly, we see that in all loci, our three
MNase-seq datasets seem to correlate well with each other (Figure 3.6 C-E). At
AP1 loci, right underneath the LFY peak, there is a nucleosome well positioned
there (Figure 3.6C). At RAX1 loci, where LFY binds like a traditional target, no
nucleosome is positioned right underneath LFY binding sites, and this is consistent
among all three samples (Figure 3.6D). In the negative control loci, ACT2, where
LFY does not bind, all three MNase-seq are consistent low in this locus as well
(Figure 3.6E).
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Figure 3.6 at known LFY targets, LFY binding sites have nucleosome occupancy

Figure 3.6 at known LFY targets, LFY binding sites have nucleosome occupancy
A. Sample agarose gel for high and low MNAse digestion. Mono-nucleosome fractions for
the high and low digestions were isolated from the gel for MNAse-seq B. Characterization
of MNAse-seq datasets. MNAse-seq signal was mapped ± 2kb of transcription start sites
(TSS). From left to right: Low MNAse digestion before LFY binding (low mock (LM)). Low
MNAse digestion at the time of LFY binding (low dex (LD)). High MNAse digestion after
LFY binding (high dex (HD)). High MNAse digestion revealed the ‘nucleosome depleted
region’ [95] upstream of the TSS. Treatment duration was 1 hour prior to ZT6 on day 5 on
CIM. Figure 4.3 Genome wide, LFY binding sites have nucleosome occupancy. C. D. E.
Zoomed out ICV screenshots of AP1, RAX1 and ACT2 loci showing LFY ChIP-seq and
MNAse-seq signal. Bar below: significant peaks (MACS2 qval≤10-10, top), or Danpos2
(qval≤10-30, bottom).
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After showing that MNase-seq datasets are reproducible, and that key LFY target
AP1 has nucleosome occupancy, we then want to see whether genome-wide, LFY peaks
have nucleosome occupancy. Firstly, we took peak summits of significant LFY binding
peaks and ranked these regions based on nucleosome Danpos2 q-value at those summits.
Secondly, we took plus and minus 1 kb of LFY peak summits and plot the signals of either
LFY or MNase in those regions. (Figure 3.7B). Our heatmap showed that the majority of
the LFY binding peaks summits overlapped with a nucleosome (Figure 3.7B). Similar
results were obtained with the other low and high MNase datasets generated (Figure 3.7D,
lower; Figure 3.7E, lower). Consistent with previous observation (Figure 3.6 C-D), the
zoomed-in views of LFY peaks regions at AP1 and RAX1 loci confirmed nucleosome
presence right underneath AP1 loci but not RAX1 and ACT2 (Figure 3.7B, right).
To better understand the nucleosome occupancy level of LFY bound sites, we
separate the LFY bound peaks into nucleosomal sites and free sites. To do this, we first
took all LFY summits and separated them based on whether there is a significant
nucleosome called by DANPOS2 underneath it. Then we plot the mean signals (log10
qval of nucleosome significance) of these regions – indeed, a majority of LFY peaks have
high MNase signals from low mock MNase dataset (Figure 3.7A). Similarly, same results
were seen with other two MNase datasets, either with low or high digestion (Figure 3.7 D,
E, upper). To see whether three MNase-seq datasets correlate well with each other, we
took all the LFY peaks and do spearman correlation of MNase signals underneath LFY
peaks (Figure 3.7C). Indeed, they have a spearman correlation of 0.7 (low mock vs. low
dex) and 0.77 (low mock vs. high dex.) (Figure 3.7C). Collectively, our data suggested
that reproducibly, a majority of LFY ChIP-seq peaks summits are occupied by
nucleosomes.
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Figure 3.7 reproducibly, a majority of LFY ChIP-seq peaks summits are occupied by
nucleosomes

Figure 3.7 reproducibly, a majority of LFY ChIP-seq peaks summits are occupied by
nucleosomes.
A. Nucleosome density at pioneering (nucl) and traditional (free) LFY bound sites. B. Right:
Heatmaps for LFY ChIP-seq (1hour Dex) and MNAse-seq (low digestion, 1hour mock)
ranked by nucleosome DANPOS2 q value and centered on LFY peak summits. Left:
screenshots of a sample pioneering (AP1) and traditional (RAX1) LFY target and of a
negative control locus (Actin2, ACT2). Bars below indicate significance based on MACS2
q val ≤ 10-10 for ChIP and Danpos2 q val ≤ 10-30 for MNAse. C. Correlation of MNase
signals underneath the LFY peak summits. HM and HD MNAse-seq signals correlate well
(Spearman correlation coefficient = 0.70 and 0.77, respectively) with those of LM (Figure
4.3A, and B). D. E. Heatmaps for LFY ChIP-seq and MNAse-seq centered on LFY peak
summits and ranked on nucleosome Danpos 2 q value. The majority of the LFY ChIP-seq
peaks summits are occupied by nucleosomes for HM and HD.

Methods and Materials
Plant materials
35S::LFY-GR in Arabidopsis thaliana wild-type accession Landsberg erecta was
previously described. Plants were grown on ½ MS plates (half strength Murashige and
Skoog medium supplemented with 0.5 g l-1 of MES monohydrate, pH = 5.7, 0.8%
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phytoagar) at 22°C in long-day photoperiod (LD, 16h light / 8h dark, 100 µmol/m2 s).
Arabidopsis seeds were stratified at 4°C for 3 days.
To obtain root explants, roots from 3-week-old seedlings were harvested and
placed on root explants inducing medium (CIM) (3.08g/L Gamborgs B5 salts, 20g/L
glucose, 0.1g/L myo-inositol, 0.5g/L MES, pH = 5.7, supplemented with B5 vitamin solution,
0.5mg/L 2,4D and 0.05mg/L kinetin) [241] for 5 days. Dexamethasone (5uM final
concentration in 0.1% ethanol) or mock (0.1% ethanol in water) treatments commenced
24hr, 6 hr or 1hr before the end of the 5th day. Tissue was harvested at ZT 6.

Constructs
For protein expression, the CDS of LFY and LMI2 were moved into pE-SUMOpro
[271, 272] using Gibson assembly (NEB, E2611) with primers listed in Table S1. The
constructs were introduced into E.coli RosettaTM2 (DE3) for protein expression.

ChIPqPCR
For LFY ChIP-qPCR, 35S::LFY-GR root explants were treated with 5nM
dexamethasone for 2 days, 6 hrs, 1 hrs or 20 min prior to the end of day 5 on CIM. ChIP
was conducted as previously described [251] using the following antibodies: rabbit
polyclonal anti-LFY antibodies [242, 252], mouse anti-HA antibody (ROCHE, 12CA5),
rabbit anti-histone H1 antibody (Abcam, 61177), rabbit anti-histone H3antibody (Abcam,
18521).
All ChIP-qPCR was performed using Platinum Taq DNA Polymerase (Invitrogen,
10966034) and EvaGreen dye (Biotium, 31000). Input from each individual sample was
used to generate the standard curve to compute sample enrichments [251]. Primer
sequences for ChIP-qPCR are listed in Table S1.
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ChIP-seq and data analysis
For LFY ChIP-seq, each biological replicate was generated by pooling four
individual ChIP reactions prior to DNA purification by MinElute PCR columns (Qiagen,
28004). Three biological replicates were sequenced for each condition. Dual index
libraries were prepared for the six ChIP samples (three mock and three treatment) and
three input samples using the SMARTer ThruPLEX DNA-Seq Kit (Takara Bio, R400406).
After quantifying libraries using NEBNext Library Quant Kit for Illumina (NEB, E7630),
libraries were pooled based on desired read depth. Single-end sequencing was conducted
using NextSeq 550/500 High Output Kit v2 (Illumina, TG-160-2005) on the NextSeq500
platform (Illumina).
After trimming adapter sequences and low-quality reads by Trimmomatics (v0.32)
[255], FastQC (v0.11.5) was performed on trimmed reads to confirm high-quality
sequences[256]. Sequencing reads were then mapped to release 10 of the Arabidopsis
Genome (TAIR10) [258] by Bowtie2 (--phred33 -q -x) v2.3.1 [257]. Next, uniquely mapped
reads (quality score MAPQ≤ 10-30 (Samtools v1.7)) [273] were processed following
ENCODE guidelines. Significant ChIP peaks and summits (summit q-value ≤10-10) were
identified in the dexamethasone-treated samples using the pooled mock-treated samples
as controls in MACS2 [259, 260] (--keep-dup auto --nomodel --extsize 138 --call-summits
-g 101274395). This yielded 1166 significant LFY peaks. For quality control, Spearman
correlation coefficients of the reads at LFY peak regions were generated for comparison
of the biological replicates using Deeptools (v3.3.0) [261, 262]. De novo motif analysis of
MACS2 q-value ≤ 10-10 peak summit regions (+/- 100 base pairs) was conducted using
HOMER motif analysis (v4.10.3) [264] and the tair10 genome built (v6.0) [258] as
background.
Inflorescence LFY ChIP-seq data [265] was retrieved from GEO (GSE64245
samples SRS794763 and SRS794763). Two replicates were analyzed. Trimming, FastQC,
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filtering (low quality reads) and mapping were done the same way as described for LFY
ChIP in root explants (above). For inflorescence LFY ChIP seq, peaks were called using
MACS2 [259, 260] callpeak command with the following parameter: --keep-dup auto -nomodel --extsize 138 -g 101274395. Since no control files were given when calling peaks,
summit q-value≤ 10-465 was used to get a final list of significant peaks (1952 peaks were
identified).

MNase-qPCR
MNase-qPCR was conducted on 35S:LFY-GR root explants treated with 5nM
dexamethasone or mock solution for the last 24 hours of the 5-day CIM incubation. 0.6g
of tissue was harvested into liquid nitrogen. Nuclei and chromatin were isolated as
previously described [44, 251, 253, 254] with the following modifications. After washing
isolated nuclei twice with HBB buffer (25 mM Tris-Cl, pH 7.6, 0.44M Sucrose, 10nM MgCl2,
0.1% Triton-X, 10mM beta-ME), isolated chromatin was digested with either 0.5 unit/ul or
0.05 unit/ul (final concentration) of Micrococcal Nuclease (Takara, 2910A) for 3 minutes
at 37°C to obtain either high or low digestion of chromatin. Subsequent steps were
performed as previously described [253]. Mono-nucleosomes were excised from 1.5%
agarose gels and purified using the QIAquick gel extraction kit (Qiagen, 28115). Purified
DNA was diluted 50 times for qPCR analyses. Tiling primers (each primer pair covering
80bp with 40bp overlap between neighboring primer sets) were used for MNase-qPCR
spanning the AP1 upstream regulatory region and are listed in Table S1. The standard
curve was generated as described before relative to nucleosome occupancy at the Gypsy
(AT4G07700) retrotransposon region [254].

MNase-seq and data analysis
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MNase-seq was conducted on 35S:LFY-GR root explants treated with 5nM
dexamethasone or mock solution for the last 24 hours of the 5-day CIM incubation. 0.6g
of tissue was harvested into liquid nitrogen. Nuclei and chromatin were isolated as
previously described [44, 251, 253, 254] with the following modifications. After washing
isolated nuclei twice with HBB buffer (25 mM Tris-Cl, pH 7.6, 0.44M Sucrose, 10nM MgCl2,
0.1% Triton-X, 10mM beta-ME), isolated chromatin was digested with either 0.5 unit/ul or
0.05 unit/ul (final concentration) of Micrococcal Nuclease (Takara, 2910A) for 3 minutes
at 37°C to obtain either high or low digestion of chromatin. Subsequent steps were
performed as previously described [253]. Mono-nucleosomes were excised from 1.5%
agarose gels and purified using the QIAquick gel extraction kit (Qiagen, 28115). Purified
DNA was diluted 50 times for qPCR analyses.
MNase-seq libraries were constructed as described above, quantified using
NEBNext Library Quant Kit for Illumina (NEB, E7630), pooled and paired-end sequenced
using NextSeq 550/500 High Output Kit v2 (Illumina, TG-160-2005) on the NextSeq500
platform (Illumina). Quality control, and filtering were identical to the ChIP-seq analysis
above. Mapping was performed using the paired-end mode of bowtie [257] with --no-unal
-S --chunkmbs 200 --best -m 1 parameters. Using the mapped reads, Danpos (v2.2.2)
[274] was employed (-q 30 smooth_width 10 -H 1 -m 1 --mifrsz 40) to identify nucleosome
occupied regions.
To validate MNase digestion, read enrichment heatmaps were generated as
previously described [270] for regions spanning +/- 1000 bp of the transcription start sites
(TSS) of protein-coding genes. To build the heatmap, read counts were normalized by
sequencing depth and counted in 200 bp intervals for each gene. Gene regions were
sorted by the sum of their normalized read values and averaged in groups of 5. Horizontal
Bartlett smoothing [275] was applied using an 11-bin window.
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Heatmaps comparing transcription factor and nucleosome occupancy were
centered on the ChIP-seq summit and ranked by the qval of the MNase signals (+/- 75bp
from the ChIP summit). ChIP or MNase signals +/- 1kb of the summit were visualized
using deeptools v3.1.2 [261, 262].
To identify ChIP peaks into pioneering vs. traditional binding sites, ChIP summits
were overlapped with MNase nucleosome regions using bedtools v2.26.0 intersect
function [266] and were separated into two region files (transcription factor bound and
nucleosome occupied; transcription factor bound and nucleosome free). Metaplots
comparing mean nucleosome presence for pioneering and traditional binding sites were
generated by deeptools v3.1.2 [261, 262] using the two region files and the signal files
from MNase dataset.

Protein purification, nucleosome assembly, conventional EMSA, nucleosomal
EMSA and KD calculation
pE-SUMOpro-LFY and pE-SUMOpro-LMI2 [271, 272] in E.coli RosettaTM2 (DE3)
(Novagen, 71397) were induced during exponential growth with 1mM IPTG followed by
incubation at 18°C overnight in LB supplemented with 0.2% glucose. Cell pellets were
lysed using 500mM NaCl, 20mM Tris-HCl pH 8, 5mM imidazole, 5% glycerol
supplemented

with

cOmpleteTM EDTA-free

protease

inhibitor

cocktail

(Roche,

04693132001), 2mM MgCl2 and 1ul/ml benzonase nuclease (Millipore, E1014). After
sonication on ice, cell debris was removed by centrifugation (13,000 x g for 30 min at 4°C).
Proteins were affinity purified from the supernatant using Ni-NTA agarose (Invitrogen,
R90115) and passed through a HiTrap Q HP anion exchange chromatography column
(GE healthcare, 17115301). Protein concentrations determined by SDS-PAGE, using a
BSA standard curve run on the same gel.
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Recombinant human full-length histones H2A, H2B, H3, and H4 were expressed
and purified as described previously [249]. A 152bp fragment region from the AP1
regulatory region (tair10 Chr1:25986457 – 25986608) with the LFY binding site in the
center and containing the LMI2 site that is located 25 bp from the LFY binding site served
as

wild

type

nucleosomal

template.

AATAGATATTTTGGTTGGTTCAGATTTTGTTTCGTAGATCTACAGGGAAATCTCCGC
CGTCAATGCAAAGCGAAGGTGACACTTGGGGAAGGACCAGTGGTCCGTACAATGT
TACTTACCCATTTCTCTTCACGAGACGTCGATAATCAAAT.
The

LFY

binding

site

mutated

fragment

was

generated

by

changing

GGAAGGACCAGTGGTCCGTA to GGCAGGAAAAGTAATCCGCA, while the LMI2
binding site mutated fragment replaced CCGTCAAT with GGAGACCG.
After synthesis (GeneScript), the fragments containing BamHI were cloned into
pUC19 vector with BamHI restriction site flanking both ends. At least 1 mg of pUC19
plasmids was isolated using Plasmid Mega Kit (Qiagen, 12181), digested with BamHI
followed by purification of the 160 bp fragments by gel electrophoresis followed by dialysis
[250]. Subsequently, we Cy5 labeled the three DNA probes [276]. We conducted
nucleosome assembly with Cy5-labeled DNA fragments by mixing purified core histone
dimers and DNA at 1:1 molar ratio in 2M NaCl supplemented with 0.1mg/ml BSA [250,
277]. Cy-5 labeled DNA was then assembled around core histones by stepwise dialysis
with decreasing concentration of salt and urea as previously described [250, 277]. Initially,
assembled nucleosomes were run on a native gel to see whether multiple nucleosome
bands were formed – an additional 2 hr 42°C of heat shift was performed if multiple
nucleosome confirmations were formed as previously described [250, 277]. Glycerol
gradients of the final dialyzed assembled nucleosomes were employed to separate free
DNA from nucleosomes and the fractions collected were then dialyzed in 10mM Tris-HCl
pH = 8.0 for 1hr in 4°C to remove glycerol as previously described [250, 277]. Dialyzed
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nucleosomes were concentrated using Amicon Ultra-0.5ml (ultracel 10K) (Millipore,
UFC501024) at 13,000rpm for 10min in 4°C. DNA and nucleosomal binding reactions
were performed as previously described [250, 277].

RNA-seq and data analysis
For RNA-seq, root explants were treated with either 5nM dexamethasone or mock
solution for 24hr, 6 hr or 1 hr before the end of the 5-day incubation on CIM plates. RNA
from each sample was purified using the RNeasy mini kit (Qiagen, 74104) after TRIzol
(Invitrogen, 15596026) extraction as previously described [278]. After removing RNA
secondary structures by immediate cool down after 5’ 65°C incubation, mRNA was
selected with OligodT25 dynabeads (Invitrogen, 610-02). Reverse transcription was
performed using the SSIII RT kit (Invitrogen, 18080-044) followed by end repair of cDNA
using an enzyme mixture of T4 PNK and T4 DNA polymerase (Enzymatics Y9140-LC-L).
After generating 3’ A-overhang by Klenow HC (Enzymatics, P7010-HC-L), adapters were
subsequently ligated using T4 DNA ligase (Enzymatics T4 DNA ligase (Rapid) #L603-HCL, 600 U/μl). One-sided selection with SPRIselect beads (Beckman Coulter, B23317) was
conducted before library amplifications with P5 and P7 index primers). Library
quantification was performed with the NEBNext Library Quant Kit for Illumina (NEB,
E7630). Single-end sequencing was conducted using NextSeq 550/500 High Output Kit
v2 (Illumina, TG-160-2005) on the NextSeq500 platform (Illumina).
FASTQC analysis was performed on the single-end raw sequences before and
after trimming [256]. TRIMMOMATIC (v0.36) was used to trim out any remaining adapter
sequence [255]. Reads were mapped using the STAR mapping algorithm to Araport11
[279] annotation of the Arabidopsis genome (-outSAMmultNmax 1 -outMultimapperOrder
Random -alignIntronMax 4350 -outFilterMultimapNmax 8 -outFilterMismatchNoverLmax
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0.05) [280]. Specific read-coverage was assessed with HT-Seq (-stranded='no' minaqual=30) [281].

Dissociation constants
Apparent KDs were calculated from two separate binding curves, each
representing one independent experiment. The experimental data was analyzed using the
‘non-linear regression’ function with ‘One site – Total’ in GraphPad Prism 8 software [250,
277]. Bmax less than 1 and R2 values between 0.8-0.99 were met to ensure actual fit of
data [250, 277].
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Chapter 4 LFY exhibits pioneering
binding in root explants and only its
pioneering targets relate to flower
development
Abstract
Using the plant tissue culture system that we set up (Chapter 2), we are interested
in further investigating the differences between the nucleosomal bound sites (termed
“pioneering” sites) and nucleosome free sites (termed “traditional” sites), as well as the
subsequent event upon LFY binding as a pioneer TF. We first showed that other
transcription factors that act on the same target locus as LFY or in the same tissue do not
share the ability to bind nucleosomes and the differential ability to bind cognate motifs in
nucleosomes may be due to structural differences in the DNA contact domains. Moreover,
although both “pioneering” and “traditional” sites were regulated with similar kinetics, only
“pioneering” sites are associated with flower development pathways, have more flower
specific DNase hypersensitivity sites and contain higher level of histone marks that are
associated with closed chromatin states. Interestingly, although LFY binding does not
initiate large scale opening, we showed that LFY displaces histone H1 and recruits
SWI/SNF chromatin remodelers, leading to subsequent changes in chromatin accessibility
only in the “pioneering sites”. Based on our combined finding, we proposed a model that
describe the sequence of events upon LFY binding to its pioneering sites. Our findings
uncover remarkable similarities between the activity and characteristics of plant and
animal pioneer transcription factors suggesting that plants may be an excellent system to
define the properties of pioneer transcription factors.
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Introduction
Pioneer transcription factors play important roles in developmental reprogramming
in vivo, generation of iPS cells and trans-differentiation [232, 234, 235, 250, 270, 282].
The cell fate reprogramming is enabled by their unique ability to bind cis motifs even when
buried deep in the nucleosome (near the dyad) [270]. While first ‘rules’ or characteristics
of pioneering activity of transcription factors are emerging [95, 250, 283-285] it is far from
clear what enables these master regulators to switch cell fates. For example, some
pioneering factors act cooperatively with other transcription factors, but it is not clear how
widespread such interactions are [286, 287]. Recent studies in animal and our findings
suggest that pioneer factors may be ‘licensing factors’ that enable subsequent recruitment
and activity of additional transcription factors and chromatin regulators. Plants evolved
multicellularity independently from animals and can change their final body plan in
response to environmental cues [288]. The striking ability of plants to reprogram their body
plan suggests that pioneering transcriptional activities may be more prevalent in this
kingdom.
In mammalian system, it has been shown that MNase-accessible nucleosomes
that are bound by pioneer TF, such as FoxA, are retained more at tissue-specific
enhancers than at ubiquitous enhancers or promoters [270]. By either retaining
nucleosomes or exposing the region for other TFs to bind, pioneering TF introduces an
additional regulatory mechanism for tissue-specific expression of genes that control cell
fate. Structurally, pioneering TF FoxA resembles linker histone H1 and by replacing linker
histone H1, it renders enhancer regions accessible to other TFs [270]. The fact that LFY,
just like FoxA, is also a helix-turn-helix transcription factor (HTH TF) [263] lead us to
investigate the structural characteristics of LFY and how that might hinder or facilitate its
role as a pioneer TF.
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The fact that mutating LFY protein alone is sufficient to eradicate flower formation
in Arabidopsis lead to ample researches on regulatory partners of LFY [197, 200, 289293]. Among them, there are flowering-time genes such as TERMINAL FLOWER1 (TFL1)
[289, 291] (which is a transcriptional repressor of LFY and represses flower initiation),
floral meristem identity genes such as APETALA1 (AP1) [289], AGAMOUS (AG) [290],
MADS-box protein XAANTAL1 (XAL1/AGL12) [294] and genes important for floral organ
development such as UNUSUAL FLORAL ORGANS (UFO) [200] and FILAMENTOUS
FLOWER (FIL) [292]. Among the key downstream targets of LFY, the pleiotropic floral
regulator APETALA1 (AP1) is of great interest since its expression is an early and direct
result of transcription induction by LFY [242]. Previous researchers had shown AP1,
together with AG establish a determinate floral meristem, where other flower homeotic
genes can pattern flower morphology by expressing at different loci [295]. Additionally,
ap1-1 homozygous mutant lack petals due to initiation for petal primordia [295].
Furthermore, on top of the fact that LFY acts with ATPase SPLAYED (SPL) and
repress meristem identity genes in shoot apical meristem [296], together with floral
homeotic gene SEPALLATA3 (SEP3) [297], it can also recruit SWI2/SNF2 chromatin
remodeling ATPases, overcome polycomb repression and control floral organ identity [43].
Collectively, it has been shown that LFY interacts with transcription factors and chromatin
remodelers that play roles in all stages of flower initiation and development. More
interestingly, one transcription factor LATE MERISTEM IDENTITY2 (LMI2) acts with LFY
at the exact same regulatory region at AP1 promoter [199]. This gives us an ideal TF to
study alongside with LFY and see whether they have similar characteristics.
Previously, it has been shown that pioneering TF PHA-4/FoxA binds to promoter,
recruits poised RNA polymerase II (Pol II) and induced tissue specific gene expression
through eventual opening of the loci [285]. As to the kinetics and stability of pioneer TF
binding, a recent study showed that Pax7, a pioneer TF that is responsible for pituitary
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lineage, can either activate or prime its target loci for accessibility [298]. Interestingly,
although this particular pioneer TF Pax7, only slightly open up chromatin at pioneered
sites after 3 days of expression, transient expression does induce a loss of DNA
methylation and establish an epigenetic memory at its binding site that is stable enough
to allow binding of other factors after Pax7 withdrawal [298]. Another pioneer TF Rap1, on
the other hand, has been shown to inhibit inter-nucleosome interaction, recruit chromatin
remodeler, and displace promoter nucleosomes and control gene expression [299].
With all these results in mind, we are therefore interested in testing whether LFY
bound sites have nucleosome occupancy in vivo. And then, we want to study the biological
consequences of LFY binding to nucleosome-protected loci, the characteristics of those
loci and the biological significance of LFY binding to gene expression and eventually
reprogramming events.

Results
LFY binding sites have H3 occupancy in root explants and allows another TF to bind
sequentially
As discussed in the previous chapter, pioneering (nucleosome occupied) LFY
bound genes include AP1 (Figure 3.6), while another known LFY target [205],
REGULATOR OF AXILLARY MERISTEMS 1 (RAX1), is a traditional (nucleosome free)
LFY bound gene (Figure 3.7). The housekeeping gene ACTIN2 was neither bound by LFY
nor had nucleosomes positioned over regulatory regions and was chosen as a negative
control locus (Figure 3.7).
To rigorously assess whether LFY associates with nucleosome occupied regions
in vivo, we performed sequential ChIP in root explants on crosslinked chromatin sonicated
to 150 bp fragments [300]. The tissues were treated for 1 hr with solution that does or
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does not contain dexamethasone (Figure 4.1A). After an initial immunoprecipitation for
LFY, the antigen/chromatin complex was dissociated from the antibodies and subjected
to a second round of ChIP with a commercial anti H3 histone antibody. Sequential ChIP
uncovered significant enrichment of H3 at the AP1 locus, but not at RAX1 or ACT2,
confirming that LFY associates with nucleosomal DNA in vivo (Figure 4.1B).
Given that LMI2, which is a direct LFY target and activates AP1 expression
together with LFY, was not able to bind nucleosomal DNA in vitro (Figure 3.2), we were
curious whether LMI2 can associate with the nucleosome occupied binding site at the AP1
locus in vivo. To test this, we introduced an estradiol inducible LMI2-3HA expression
construct into the 35S::LFY-GR genetic background. We then assessed LMI2 chromatin
occupancy after estradiol treatment without (mock) or with (dex) prior dexamethasone
treatment to allow LFY nuclear entry (Figure 4.1C). LMI2 bound to the AP1 locus after
LFY activation, but not in the absence of LFY, suggesting that LMI2 cannot not associate
with nucleosomal DNA in vivo (Figure 4.1D).
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Figure 4.1 LFY binding sites have H3 occupancy in root explants and allows another TF to
bind sequentially

Figure 4.1 LFY binding sites have H3 occupancy in root explants and allows another
TF to bind sequentially
A. Schematic of the experimental setup to test for in vivo association of LFY with
nucleosomal DNA. Steroid activation of LFY-GR by dexamethasone (Dex) and time line
for ReChIP-qPCR. B. Sequential LFY and histone H3 ChIP to test LFY binding to
nucleosomal DNA at AP1 and negative control loci (NC). P value * <0.05, one-tailed
students’ t-test, two biological replicates. Not significant (n.s.) P>0.05. C. Experimental
setup to test LMI2-HAER recruitment to the AP1 locus with or without LFY presence. D.
LMI2-HAER ChIP-qPCR at AP1 and control loci with (Dex) or without (mock) prior LFY
activation. P value ** <0.01, one-tailed students’ t-test, two biological replicates. Not
significant (n.s.) P>0.05. E. Experimental setup to test LMI2-HAER recruitment to the AP1
locus with or without LFY presence: after growing the plants under short day conditions
for 25 days, inflorescence was collected followed by 24 hr either dexamethasone or mock
treatment in addition to 6 hr estradiol treatment. F. LMI2 binding to AP1 and control loci
with or without prior LFY induction in 25-day-old short-day grown inflorescences.
Finally, we probed whether LMI2 can bind to its cognate binding motif at the AP1
locus in the context of nucleosomal DNA in inflorescences. We treated 25-day-old shortday grown 35S::LFY-GR plants, which do not yet express LFY, with

mock or

dexamethasone prior to LMI2-3HA induction (Figure 4.1E). As observed for root explants,
LMI2 bound to the AP1 locus chromatin after LFY induction, but not in the absence of LFY.
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Our combined data suggests that LFY acts as a pioneering transcription factor, this may
be facilitated by its short DNA recognition sequence (Figure 4.1F).

LFY resembles histone H1 structurally, replaces histone H1 upon binding and binds to
nucleosomes in inflorescence as well
The helix-turn-helix DNA binding domain of well-known pioneer transcription factor
FoxA2 [270] has structural similarity with the linker histone. Linker histones compact
chromatin and contribute to chromatin inaccessibility [228]. Just like FoxA2 [270, 301],
LFY also has helix-turn-helix DNA binding domain [203] that contact the nucleosome near
the dyad like linker histone H1. Interested in seeding whether LFY also structurally
resemble histone H1, we overlay LFY DNA binding domain (DBD, PDB: 4BHK [203]) with
linker histone H1 (PDB: 5NL0 [302]) in PyMOL [303]. Helical structures of histone H1 were
highlighted in blue, recognition helix of LFY DBD is highlighted in red and structural helixes
of LFY is highlighted in magenta (Figure 4.2A). As can be seen here, the three LFY helixes
overlap well with histone H1 helixes. Previous studies on FoxA2 showed that it generated
DNase hypersensitivity sites only when H1 was present in the in vitro nucleosomal arrays
[270, 301]. Therefore, we are also interested in understanding whether linker histone H1
displacement might be an early marker of chromatin change at pioneering LFY target loci
(experimental setup as shown in Figure 4.2B). By looking at 500 bp fragments flanking the
LFY bound summit, we were profiling the histone H1 changes in the nucleosome right
underneath the LFY bound site and adjacent nucleosomes if present. Indeed, linked
histone H1 was displaced from all pioneering LFY targets (except for YUC4), but from
none of the traditional LFY targets, twenty-four hours after dexamethasone treatment
(Figure 4.2C).
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We hypothesized that the reason why we didn’t see H1 displacement at YUC4
locus is that it has functions in lateral root development upon auxin induction [304]. The
fact that CIM contains high level of auxin and cytokinin [241] made it possible that YUC4
locus was originally deprived of linker histone H1 and was not as compacted as other
“pioneering” sites, such as AP1. This hypothesis is supported by raw qPCR data showing
a relatively higher YUC4 expression level even without LFY induction (raw data not shown
here).
We next examined co-occupancy of LFY as well as of ARF3/ETTIN (ETT), which
is closely related to ARF1 [305], with nucleosomal DNA in inflorescences by analyzing
published datasets [263, 306]. Similar to what we did for the root explants ChIP-seq and
MNase-seq comparison, we ranked all the ChIP summits based on the MNase summit q
value underneath it and plot them heatmap (Figure 4.2D). As can be seen, just as in root
explants, the majority of the LFY binding peaks overlapped with well positioned
nucleosomes (out of 1986 peaks, 1081 of them have nucleosome underneath it, summing
up to 54.4% of nucleosomal bound peaks). On the other hand, Out of 672 ETT peaks,
only 225 have nucleosome underneath, giving us a 33.5% bound peaks (Figure 4.2 D).
Furthermore, we then separated both LFY and Ettin peaks based on whether or not there
was a nucleosome (called by Danpos [274]) underneath their summits. After plotting the
mean log10 qval of the MNase values (reported by Danpos2) underneath bound or
unbound peaks, only LFY peaks with nucleosome occupancy had strong nucleosomal
signals (Figure 4.2E, purple line; purple shades indicated SEM). Interestingly, even for
those peaks that are called “nucleosomal” for Ettin, the log10 qval of nucleosomes
underneath Ettin peaks were not as strong as LFY (Figure 4.2E).

71

Figure 4.2 LFY has the capacity to replace histone H1 and showed binding to nucleosomes
in inflorescence as well.

Figure 4.2 LFY has the capacity to replace histone H1 and showed binding to
nucleosomes in inflorescence as well.
A. Comparison of the structure of LFY and histone H1 bound to DNA. Red: anchoring helix
of LFY. Warm pink and red: helix-turn-helix domain of LFY. Turqouise: H1 linker histone.B.
Schematic of the experimental setup for testing replacement of H1 after 24hr of
dexamethasone treatment. C. H1 ChIP-qPCR at LFY-bound sites for pioneering (AP1,
YUC4, MP) and traditional (RAX1, LSH2, At4g22780) LFY targets as well as ACT2 after
twenty-four hours of dexamethasone or mock treatment of root explants. Shown are mean
± SEM. P values: * < 0.1, ** < 0.05, *** < 0.001, two biological replicates, one-tailed
Student’s t-test. D. Right: Heatmaps for LFY ChIP-seq [263] and MNAse-seq [244] in
inflorescences, ranked by nucleosome DANPOS2 q value and centered on LFY peak
summits. Left: Heatmaps for ETT ChIP-seq [306] and MNAse-seq [244] in inflorescences
ranked by nucleosome DANPOS2 q value and centered on ETT peak summits. E.
Nucleosome density at LFY and ETT bound loci. Nuc: bound by transcription factor
indicated and nucleosome occupied under binding summit (± 75 bp). Free: bound by
transcription factor indicated, no nucleosome under binding summit (± 75 bp).
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Structurally, LFY resembles FoxA2 and its structure does not preclude nucleosome binding
A recent study showed that the DNA binding helices of pioneer transcription factors
– unlike those of traditional transcription factors – contact only one side of the DNA helix,
hence these binding events do not interfere with histone-DNA interactions [250].
Additionally, their DNA binding domains, when in contact with DNA, do not extend the
diameter of DNA [250]. Like the DNA binding helix of the FOXA pioneer transcription factor
(Figure 4.3A), analysis of prior structural data [203] indicates that the binding helix of LFY
only contacts only one face of the DNA (Figure 4.3B). By contrast, DNA binding betasheets of the AUXIN RESPNSIVE FACTOR1 (ARF1) transcription factor [307] make
additional contact points that could potentially preclude simultaneous association of the
DNA with the histone octamer (Figure 4.3C). Additionally, when we look at the alpha
helixes or beta sheets that are responsible for DNA recognition (Figure 4.3A-C, red
highlighted structures), FOXA and LFY do not go past the diameter of DNA in the tunnel
view (Figure 4.3A, B, indicated by white arrows) while ARF1 contact points go very close
to ½ face of DNA (Figure 4.3C).
Unlike FOXA2, which binds to the DNA as a monomer [250], both LFY [203] and
ARF1 [307] are known bind to DNA as a dimer. The question is then whether binding as
a dimer preclude them as a pioneering TF. When we look at the tunnel view of both of
them, the two helixes of LFY does not extend pass ½ face of DNA (indicated by white
arrows in Figure 4.3D left), potentially allowing simultaneous LFY and histone octamer
DNA contacts. Contact points of ARF1, on the other hand, extend beyond the ½ face of
DNA (Figure 4.3E left, indicated by white arrows). Furthermore, when we look at side view
of LFY and ARF1 binding, LFY binding introduces a concave shape of DNA molecule
(Figure 4.3D, right, indicated by white curve line), which allows nucleosome occupancy
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while ARF1 curves DNA into a convex shape (Figure 4.3E, right, indicated by white curve
line), and this is likely incompatible with nucleosome occupancy [308].

Figure 4.3 Structurally, LFY resembles FoxA2 and linker histone H1 and its structure does
not preclude nucleosome binding (unlike ARF1)

Figure 4.3 Structurally, LFY resembles FoxA2 and linker histone H1 and its structure
does not preclude nucleosome binding (unlike ARF1).
A, B, C. Structure of the DNA-bound anchoring helices of the known pioneer transcription
factor FoxA [270], LFY [203], and of the DNA contact beta sheets and loops of ARF1 [307].
D. E. Structure of LFY [203] (D), and ARF1 [307] (E) binding to DNA as dimers, showing
both the tunnel view (left) and the profile view (right). Dimer of LFY curve the DNA in a
concave way, favoring the nucleosome occupancy (D, right); while ARF1 precludes
nucleosome binding by bending the DNA in a convex way (E, right).
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Pioneering targets are related to flower development albeit being induced with the
same kinetics as traditional targets
In addition to cell identity reprogramming and ability to associate with nucleosomal
DNA templates in vivo or in vitro, pioneer transcription factors frequently open up the
chromatin at target loci to allow binding of additional transcriptional regulators and gene
expression [232, 235, 309, 310]. As mentioned before, RNAseq at one, six or twenty-four
hours after dexamethasone or mock treatment in LFY-GR root explants were conducted,
uncovering 6, 33 and 302 differentially expressed direct targets with Deseq2 qval <0.01
(Figure 4.4A). Differentially expressed genes strongly overlapped with known LFY
regulated genes [246] with 2 out 6, 21 out of 33, and 133 out of 302 at one, six and twenty
four hour time point (Figure 4.4A).
Based on the RNAseq and previous MNase results, we separate LFY regulated
genes (differentially expressed after 1, 6, and 24hr) into “pioneering” and “traditional”
targets. Pioneering targets are DE genes that have LFY binding sites occupied by
nucleosomes while traditional targets do not. For example, AP1 locus is differentially
expressed after 24 hr of dexamethasone treatment and its binding site has a significant
nucleosome underneath while RAX1 locus, albeit being differentially expressed after 6 hr
of treatment, does not have nucleosome occupancy underneath LFY binding site (Figure
4.4C). Similar loci including YUC4 and MP (both pioneering) as well as LSH2 and
AT4G22780 (both traditional).
After separating our genes into pioneering and traditional, we first wanted to
understand whether they are regulated by LFY with same kinetics. Plotting the absolute
value of log2 fold change of pioneering and traditional loci at 1hr, 6hr and 24hr (Figure
4.4C, T = traditional, P = pioneering), we showed that their gene expression change
kinetics are not significantly different from one another. Furthermore, when we labeled the
pioneering and traditional targets in volcano plots (Figure 4.4Ds), pioneering and
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traditional targets do not distinguish from each other – independent of whether they are
pioneering or traditional targets, they can all get greater or smaller fold change (Figure
4.4B).
We then proceed to ask whether those genes were different in terms of their
functionality. For this analysis, we only use the 24hr DE gene list and separate them into
pioneering and traditional targets (pioneering: n = 201 and traditional: n = 101). Gene
ontology analysis revealed (analyzed by AgriGO v2.0 [311]) that the pioneering targets
were uniquely enriched in cell communication and flower development (Figure 4.4E), while
both pioneering and traditional targets were involved in response to stimulus. When we
look at the “pioneering” target specific GO terms, we see clearly that only the pioneering
targets are involved in flower development while traditional targets are uniquely involved
in response to stress and catabolic process (Figure 4.4E). This showed that although they
do not show different expression kinetics upon LFY binding, these targets are innately
different in terms of their chromatin openness.
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Figure 4.4 although pioneering and traditional targets show same differential expression
dynamics (RNA R plots), only pioneering sites are related to flower development

Figure 4.4 although pioneering and traditional targets show same differential
expression dynamics (RNA R plots), only pioneering sites are related to flower
development
A. Violin plot showing the absolute log2 fold change of all differentially expressed genes
after 1hr, 6hr and 24hr of dexamethasone treatment (number of genes shown as “n=” in
the graph). B. Volcano plot of genes differentially expressed after twenty-four hours
dexamethasone relative to mock treatment (n = 2042, adjusted DeSeq2 p value ≤ 0.01)
showing similar upregulation of pioneering (AP1, YUC4, MP) and traditional (RAX1, LSH2,
At4g22780) LFY targets. C. Zoomed in view of volcano plot in B. D. Heatmap showing the
log2 of false discovery rate (FDR) of each gene ontology terms identified using AgriGO
v2.0 [311] in both traditional (T, n = 101) and pioneering (P, n = 201) sites. E. Gene
ontology terms identified with AgriGO v2.0 [311] enriched at pioneering and traditional
LFY bound and regulated genes.

Pioneering sites are more closed compared to background and are enriched in a chromatin
marks that define closed chromatin states
In addition to cell identity reprogramming and ability to associate with nucleosomal
DNA templates in vivo and in vitro, pioneer transcription factors enable gene expression
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changes by directly or indirectly opening the chromatin at target loci and by allowing
binding of additional transcriptional regulators [232, 235, 309, 310]. To understand the
changes upon LFY binding, we first wanted to understand the original chromatin states of
gene lists. We took recently published histone modification maps of root explants [312]
and analyzed them the same way we did for LFY ChIP-seq in root explants system.
Based on combined data from LFY ChIP-seq, MNase-seq and RNA-seq, we first
categorized four gene lists of interest: LM30F (n = 472), nucleosomal free LFY targets;
LM30B (n = 692), nucleosomal bound LFY targets; DE24LM30F (n = 101), traditional
targets; and DE24LM30B (n = 201), pioneering targets. By separating LFY targets (LFY
bound genes differentially expressed after LFY-GR activation) like this, we can start to
uncover whether nucleosome occupancy and biological functionality of LFY targets are
associated with different chromatin states.
First of all, as quality control, we looked at RPKM of input samples from the
published study [312] and confirmed that none of the gene lists that we looked at contains
more or less ChIP signals (Figure 4.5A), indicating that gene lists are not biased. Then,
we looked at the RPM of histone H3 ChIP-seq in the root explants system. As shown in
the violin plots, our gene lists of interest do not seem to be more closed or open as
compared with background in terms of H3 occupancy (Figure 4.5B).
Interestingly, when we look at the enrichment of histone modification in the four
lists of genes that we are interested in – LFY targets, compared to background regions,
are more enriched in histone modification H3K27me3 (qval of 1.06e-7 by Kruskal Wallis
test) [312], that is related to silent chromatin state [313] (Figure 4.5C). This indicates that
although pioneering targets are not more closed in terms of H3 occupancy (Figure 4.5B),
they are more “repressed” in terms of epigenetic markers. When we zoom in to one of the
pioneering locus AP1, and one of the traditional locus RAX1, we revealed that prior to LFY
activation, the AP1 and RAX1 loci were enriched in the silencing histone modification
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H3K27me3 and lacked the activating mark H3K4me3 (Figure 4.5D). By contrast, ACT2
lacked H3K327me3 but had high levels of H3K4me3 (Figure 4.5D). These data indicated
that pioneering targets of LFY are more “repressed” epigenetically and combined with our
previous finding that pioneering targets are more related to reproduction GO terms, it
suggested the biological functions of pioneer TF to bind to epigenetically “repressed”
genes and induce phase-specific genes when external stimuli are present.
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Figure 4.5 Pioneering sites are more closed compared to background and are enriched in
a chromatin marks that define closed chromatin states
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Figure 4.5 Pioneering sites are more closed compared to background and are
enriched in a chromatin marks that define closed chromatin states
A, B. Published H3 ChIPseq of root explants and its respective inputs [312] were analyzed
and amongst the four lists of genes that we are interested (LM30F, nucleosomal free LFY
targets; LM30B, nucleosomal bound LFY targets; DE24LM30F, nucleosomal free LFY
targets that are also differentially expressed after 24hr (traditional targets), and
DE24LM30B, nucleosomal bound LFY targets that are also differentially expressed after
24hr (pioneering targets)), violin plots showing that RPM of H3 signals (A) and RPKM of
input signals (B) were not significantly different. C. Violin plots showing RPKM of histone
modification over H3 ChIPseq of root explants [312] in the four lists of genes that we are
interested in – pioneering sites, compared to traditional sites or nucleosomal free sites,
are more enriched in histone modifications that are related to silent chromatin state [313].
Kuscal Wallis test calculated that H3K4me1, H3K4me2, and H3K4me3 signals are
sigifnicaitly different among 4 gene lists, with a q value less than 2e-16 . H3K27me3 signal
is significantly different from each other with a q value of 1.06e-07. Input signals in different
gene lists are not significantly different (q val = 0.912). D. Histone modification ChIPseq
of root explants [312] revealed significant enrichment of the Polycomb silencing mark
H3K27me3 (MACS2 qval H3K27me3/H3 ≤ 10-100) enrichment at the AP1 and RAX1 loci,
while no H3K4 methylation was detectable. The ACT2 locus, by contrast, had significant
enrichment of the active histone mark H3K4me3 (MACS2 qval H3K4me3/H3 ≤ 10-100) but
no H3K27me3.

Pioneering sites have more flower specific DHS
In order to figure out the biological significance of pioneering binding and the
subsequent events upon LFY binding to nucleosome, we looked into literature and found
a DNase I hypersensitivity sites dataset of either leaves or inflorescence [314]. Our first
question was whether LFY targets have different openness in different tissues. We
explored four gene lists: open LFY targets (LM30F, n = 472), closed LFY targets (LM30B,
n = 694), traditional sites (DE24LM30F, n = 101) and pioneering sties (DE24LM30B, n =
201). We take the entire genomic region and 3kb upstream and calculate the reads per
kilomillion base pairs (RPKM) for each gene list. The background level is calculated by
sampling 200 genes randomly from all the protein coding genes in Arabidopsis. Our results
showed that mean DHS signals were not significantly different amongst different groups
in leaf tissues (Figure 4.6A upper) or in flower tissues (Figure 4.6A lower), which is
consistent with what we have seen in H3 ChIP-seq analysis before (Figure 4.5B). This
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showed that as groups, these genes are either more open or closed compared to the
background.
Interestingly, if we annotate flower specific DHS (fsDHS – DHSs that are present
only in flower tissues) to genes, we found that the percentage of LFY bound genes
containing fsDHS is higher compared to that of background (Figure 4.6B). More
importantly, pioneering sites (bound, contains nucleosome and are differentially
expressed) has the highest percentage of genes that contain fs DHS (47.3%, Figure 4.6B),
while the rest three gene lists were pretty close in number, with LFY bound nonnucleosomal sites have lowest percentage of genes that contain fs DHS (Figure 4.6B, C).
That means, despite the fact that overall DHS signals are the same for these genes in
either flowers or leaf tissues, pioneering sites are associated more with fs DHS, indicating
a preferential opening in certain genes in flower tissues, especially those genes that have
nucleosome occupancy in LFY binding sites (Figure 4.6C).
Moreover, when we look at the flower development related LFY bound genes (as
classified by gene ontology terms AgriGo2.0) that have nucleosome occupancy
underneath summits of LFY binding sites, they are even more enriched in fs DHS (Figure
4.6D). In all pioneering targets (a total of 201 genes), 19 genes are related with flower
development or reproduction and within those 19 genes, 11 of them have flower specific
DHS (Figure 4.6E). Likewise, in all LFY targets with nucleosome occupancy (a total of 694
genes), 50 of them are related with flower development and 21 of them contain fs DHS
(Figure 4.6E). The percentages of genes containing fs DHS are higher than all the genes
without pre-selecting for GO terms (57.9% vs. 47.3% for LM30BDE24 category, and 42.0%
vs. 39.8% for LM30B category, Figure 4.6F). This indicates that pioneering and traditional
sites have important regulatory intricacy and biological significance.
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Figure 4.6 Pioneering sites have more flower specific DHS

Figure 4.6 Pioneering sites have more flower specific DHS
A. Published DNase I hypersensitivity data from either leaf or flower tissues [314] were
analyzed the mean signals in the genic and 3kb upstream region of each list is plotted as
a violin plot. LM30F, nucleosomal free LFY targets; LM30B, nucleosomal bound LFY
targets; DE24LM30F, nucleosomal free LFY targets that are also differentially expressed
after 24hr (traditional targets), and DE24LM30B, nucleosomal bound LFY targets that are
also differentially expressed after 24hr (pioneering targets). B, C. Table showing the
number of genes that are nucleosomal free, nucleosomal bound, traditional and
pioneering (B), and table and bar graph (B, C) showing the percentage of genes that has
flower specific DHS compared to the background (entire genome). D, E. Table showing
the number of genes that are nucleosomal bound and traditional targets that are
associated with flower development and reproduction related gene ontology term (D).
Table and bar graph (D, E) showing the percentage of these genes that has flower specific
DHS compared to the background (entire genome). F. List of LFY targets that are
associated with reproduction and flower development in nucleosomal bound LFY targets.
Yellow boxes indicate which one of those genes are also differentially expressed after
24hr after dexamethasone induction.

LFY binding does not initiate large scale chromatin opening
After analyzing all the published dataset, we are then interested in whether
dexamethasone induction of LFY can induce chromatin openness after a relatively short
period of time in our root explants system. To answer this question, we conducted
ATACseq six hours after dexamethasone application to examine chromatin opening that
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precedes or occurs around the time of the gene expression changes. Following published
ATACseq method [315], we first ligated NextSeq library indexed while fragmenting
isolated chromatin through transposase digestion. Gel electrophoresis of the samples
showed that the digestion was successful, and the fragments are of expected sizes (Figure
4.7A).
After preliminary trimming and filtering of our raw ATACseq data, we plot the insert
sizes of all fragments and showed that there is relatively enrichment in the fragment sizes
that are around one nucleosome (180-200bp) (Figure 4.7B), which is consistent with what
is expected from ATACseq reads [315]. To further check the quality of our data, we plot
the accumulative signals in 3kb upstream of the transcription start site (TSS), the genic
region and 3kb downstream of the transcription termination site (TES) of all genes. As
expected, ATAC reads normally showed an enrichment near TSS since it is normally
nucleosome depleted to allow transcription (Figure 4.7C). Here we are only showing
profiles from 6 hr time point but 24hr time point showed similar results.
We then identified genomic regions with increased accessibility after steroid
relative to mock treatment using MACS2 qval<10-10 and determined the overlap of these
sites with LFY bound regions. There was no significant overlap between differentially
accessible ATACseq sites and LFY bound regions even after 24 hr, including at AP1
(Figure 4.7D), indicating that pioneering binding per se does not induce large scale
chromatin opening when gene expression changes were observed, which is consistent
with recent publication in the mammalian field suggesting that binding of pioneering factor
is more of a “licensing” factor that potentiate the region for further opening, factor binding
and gene expression [286, 287].
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Figure 4.7 LFY binding does not initiate large scale chromatin opening
A. Gel electrophoresis pictures showing the sizes of chromatin fragments of all ATAC
samples after the transposase digestion step [315]. B. After mapping,
CollectInsertSizeMetrics tool from Picard v2.21.2 was to visualize the insert size of the
ATAC-seq fragments for quality control. Only one sample from 6hr dexamethasone
treated ATAC sample was shown in the graph but for all other samples, similar results
were observed, and expected distribution of insertion sizes were obtained. C.
ComputeMatrix and plotProfile tools from deeptools [261, 262] were used to calculate the
mean signal of ATACseq in 3kb upstream of the transcription start site (TSS), the genic
region and 3kb downstream of the transcription termination site (TTS). Genie regions were
scaled to 5kb length for graphing reasons. D. Venn diagrams depicting the overlap
between genes associated with increased chromatin accessibility in dexamethasone
relative to mock treated samples (ATAC-seq MACS2 qval ≤10-5) and significant LFY
bound genes (ChIP-seq MACS2 qval ≤10-10). ns: p val >0.5, hypergeometric test.
Treatment duration was six hours (left) or twenty-four hours (right).
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LFY only recruit chromatin remodelers, replace histones in pioneering sites and open up
target genes in pioneering sites
Although ATACseq data did not show opening after 24 hr of dexamethasone
treatment, based on the published dataset, we still hypothesize that after a longer period
of LFY induction, there might be opening events happening in the root explants. To probe
for large scale accessibility changes, we used FORMALDEHYDE ASSISTED
IDENTIFICATION OF REGULATORY ELEMENTS (FAIRE) [316] followed by quantitative
PCR (qPCR) as a potentially more sensitive method to detect increased genome
accessibility. We conducted FAIRE qPCR twenty-four hours or five days after
dexamethasone or mock treatment (experimental design shown in Figure 4.8B)
specifically at known flower-specific DNAse hypersensitive sites [317] for three pioneering
(AP1, MP and YUC4) and three traditional LFY targets (RAX1, LSH2 and AT4G22780) as
well as the negative control (NC, ACT2). While some pioneering targets showed significant
increased accessibility twenty-four hours after dexamethasone application (MP and
YUC4), the AP1 locus only did five days after steroid treatment (Figure 4.8 B, C).
Interestingly, the fact that YUC4 locus showed the biggest opening coincide with our H1
ChIP data (Figure 4.2C) – the fact that this region is deprived of H1 occupancy even before
LFY binding might render the locus more “loose” prior LFY induction and could cause the
more dramatic response to LFY binding (Figure 4.8 B, C). Nevertheless, coinciding with
ATACseq data, pioneering sites are minimally more open after 24hr and the opening
events are more delayed, until after 5 days as measured by FAIRE-qPCR.
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Figure 4.8 LFY only recruit chromatin remodelers, replace histones in pioneering sites and
open up target genes in pioneering sites

Figure 4.8 LFY only recruit chromatin remodelers, replace histones in pioneering
sites and open up target genes in pioneering sites
A. Schematic of the experimental setup to test for opening of chromatin using FAIREqPCR [318] after dexamethasone treatment of 1 day and 5 day. B, C. FAIRE-qPCR [316]
at flower specific DNAse I hypersensitive sites for pioneering (AP1, YUC4, MP) and
traditional (RAX1, LSH2, At4g22780) LFY targets as well as ACT2. Treatment duration
was twenty-four hours (B) or 5 days (C). Shown are mean ± SEM. P values: * < 0.1, ** <
0.05, *** < 0.001, two biological replicates, one-tailed Student’s t-test. D. Schematic of the
experimental setup for testing the recruitment of SWI3B. E. SWI3B ChIP-qPCR at LFY-
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bound sites for pioneering (AP1, YUC4, MP) and traditional (RAX1, LSH2, At4g22780)
LFY targets as well as ACT2 after twenty-four hours of dexamethasone or mock treatment
of root explants. Shown are mean ± SEM. P values: * < 0.1, ** < 0.05, *** < 0.001, two
biological replicates, one-tailed Student’s t-test.
We previously showed that LFY activates floral homeotic genes by recruiting the
SWI/SNF family chromatin remodeling complexes containing the SYD or BRM ATPases
[319]. A core component of both the SYD and BRM complex is SWI3B, a xyz ortholog
[320, 321]. We introduced a GFP tagged version of SWI3B into LFY-GR plants and tested
SWI3B recruitment twenty-four hours after dexamethasone application. Significant
recruitment of SWI3B was observed at the LFY binding site of all pioneering, but not of
the traditional LFY target loci. Our combined data suggest that the pioneering transcription
factor LFY directs local chromatin opening at pioneering target loci concomitant with initial
gene activation followed by delayed, large scale chromatin opening and full gene
expression upregulation and reprogramming of cell fate (model indicated in Figure 4.8F).
Our findings fit well with recent studies in mammals that have uncovered very rapid
pioneer transcription factor association with targeted loci, but delayed chromatin opening
for Pax7 in mammals [298] and PHA-4 in C. elegans [285], while Oct4 and EBF1 recruit
SWI/SNF chromatin remodelers [322, 323].

Materials and Methods
Plant materials
35S::LFY-GR in Arabidopsis thaliana wild-type accession Landsberg erecta was
previously described [241]. LMI2ER in binary vector pMDC7 [324] and in binary vector
SWI3B-3xHA in pGWB1 [325] were transformed into 35S::LFY-GR. For inflorescence
experiments, plants were grown in soil at 22°C short-day photoperiod (SD, 8h light / 16h
dark, 120 µmol/m2 s). For all other experiments, plant were grown on ½ MS plates (half
strength Murashige and Skoog medium supplemented with 0.5 g l-1 of MES monohydrate,
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pH = 5.7, 0.8% phytoagar) at 22°C in long-day photoperiod (LD, 16h light / 8h dark, 100
µmol/m2 s). Arabidopsis seeds were stratified at 4°C for 3 days.
To obtain root explants, roots from 3-week-old seedlings were harvested and
placed on root explants inducing medium (CIM) (3.08g/L Gamborgs B5 salts, 20g/L
glucose, 0.1g/L myo-inositol, 0.5g/L MES, pH = 5.7, supplemented with B5 vitamin solution,
0.5mg/L 2,4D and 0.05mg/L kinetin) [241] for 5 days. Dexamethasone (5uM final
concentration in 0.1% ethanol) or mock (0.1% ethanol in water) treatments commenced
24hr, 6 hr or 1hr before the end of the 5th day. Tissue was harvested at ZT 6.

Constructs
LMI2 fused with 3 times Hemagglutinin (HA) was amplified from a previously
published construct [199] and cloned into pENTRD-TOPO (Invitrogen, K243520). pENTR
LMI2-3HA was moved to pMDC7 [324] by LR reaction (Invitrogen, 11791-020). For
pSWI3B::SWI3B-HA, a genomic fragment covering 311bp upstream of the translation start
codon and genomic SW3B coding region (2124bp) excluding the stop codon were fused
to 3xHA plus stop codon and the 163bp 3’UTR sequence (primers listed in Table S1).
The fragments were inserted into pENTR-3C (Invitrogen, A10464) and the resulting
pSWI3B::SWI3B-3xHA-3’UTR construct was cloned into the binary vector pGWB1 by LR
reaction (Invitrogen, 11791-020). Constructs were introduced into Agrobacterium strain
GV3101 for plant transformation as previously described [326-328].

ChIPqPCR
For LMI2 ChIP-qPCR, root explants on CIM were treated with 5nM
dexamethasone (Sigma Aldrich, D4902) or mock (PBS) solution for 18 hours followed by
addition of 5nM beta-estradiol (Sigma Aldrich, E2758) and a further incubation for 6 hrs.
2 grams of tissue was harvested at the end of day 5 on CIM. For SWI3B-3xHA ChIP-qPCR,
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root explants were treated with 5nM dexamethasone or mock solutions for 24 hours. At
least two biological replicates were generated for each experimental condition. ChIP was
conducted as previously described [251] using mouse anti-HA antibody (ROCHE, 12CA5).
For LMI2 ChIP-qPCR in inflorescence, 2 grams of shoot apices from 25-day-old,
short-day grown LMI2ER 35S:LFY-GR plants were harvested from 4 trays of plants. After
trimming, shoot apices were submerged in 5nM dexamethasone (Sigma Aldrich, D4902)
or mock (PBS) solution for 18 hours followed by addition of 5nM beta-estradiol (Sigma
Aldrich, E2758) and a further incubation for 6 hrs.
For sequential ChIP, root explants were treated with 5nM dexamethasone or mock
solutions for 24 hours. At least two biological replicates were generated for each
experimental condition. ChIP was conducted as previously described [251] using the
following antibodies: rabbit polyclonal anti-LFY antibodies [242, 252] and rabbit antihistone H3 antibody (Abcam, 18521). 15 cycles of sonication were used to obtain
chromatin fragments of ~150bp to probe direct interaction of histone and LFY. The first
overnight immunoprecipitation and subsequent wash steps were performed as described
previously [251]. The chromatin bound to protein G beads was eluted with 50 mM Tris–
HCl pH 8.0, 5 mM EDTA, 20 mM DTT, and 1% SDS at 37°C for 30 minutes. The eluted
chromatin was immunoprecipitated for histone H3 as previously described [300] using
anti-histone H3 antibody.
All ChIP-qPCR was performed using Platinum Taq DNA Polymerase (Invitrogen,
10966034) and EvaGreen dye (Biotium, 31000). Input from each individual sample was
used to generate the standard curve to compute sample enrichments [251]. Primer
sequences for ChIP-qPCR are listed in Table S1.

RNA-seq and data analysis
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For RNA-seq, material harvest, library construction and data analysis were
performed as described in Chapter 2. Pairwise differential expression analyses were
performed by comparing pooled normalized read counts from Dex verses mock samples
using default DESeq2 parameters with normal shrinkage and adjusted [267] p-value cutoff
of less than 0.01 [268]. Output from DESeq2 analyses were used to generate R plots using
the tidyverse and ggplot2 packages in R.

Peak annotation and GO term analysis
Significant LFY ChIP peaks were annotated to release 11 of Arabidopsis genome
annotation (Araport11) [279]. Two rounds of annotation were performed. First, all peaks
that were 3kb upstream, or within genic regions were annotated to that gene. Second,
orphan peaks were annotated to the nearest differentially expressed gene based on our
time-course RNA-seq data from root explants. Plant GOSlim analyses were performed in
AgriGO v2.0 [311].

Published MNase-seq data analysis
Analysis of published MNase-seq data from inflorescence [244] was conducted
after retrieving data from GEO. After trimming adapter sequences and low-quality reads
by Trimmomatics (v0.32) [255], FastQC (v0.11.5) was performed on trimmed reads to
confirm high-quality sequences[256]. Mapping was performed using the paired-end mode
of bowtie [257] with --no-unal -S --chunkmbs 200 --best -m 1 parameters. Using the
mapped reads, Danpos (v2.2.2) [274] was employed (-q 100 smooth_width 10 -H 1 -m 1
--mifrsz 40) to identify nucleosome occupied regions.

FAIRE-qPCR, ATAC-seq and data analysis
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For FAIRE qPCR, LFY-GR root explants were treated with 5nM dexamethasone
or mock solution for the entire duration of the 5 day CIM incubation or for the last 24 hours.
0.8-1.2 gram of root explants was used for each biological replicate. FAIRE-qPCR was
conducted as previously described [318]. Primer sequences for FAIRE-qPCR were
designed to query published flower specific DNase I hypersensitivity sites near each
candidate locus [314] and are listed in Table S1.
For ATAC-seq, 35S::LFY-GR root explants were treated with 5nM dexamethasone
or mock solution for the last 6 hours or 24 hours of the 5-day CIM incubation. ATAC-seq
was conducted as previously described [315]. Libraries were constructed as described
above, quantified using NEBNext Library Quant Kit for Illumina (NEB, E7630), pooled and
paired-end sequenced using NextSeq 550/500 High Output Kit v2 (Illumina, TG-160-2005)
on the NextSeq500 platform (Illumina). Quality control, and filtering were identical to the
ChIP-seq analysis above. Mapping was performed using the paired-end mode of bowtie
[257] with --no-unal -S --chunkmbs 200 --best -m 1 parameters. CollectInsertSizeMetrics
tool from Picard v2.21.2 was to visualize the insert size of the ATAC-seq fragments for
quality control. Using mock treated samples as control, genomic region differentially
accessible after dexamethasone activation of LFY compared to mock treatment were
identified using the peak calling function of MACS2 (-f BAMPE --nomodel --shift -75 -extsize 150 -g 101274395) for both 6hr and 24hr ATAC-seq samples. Significant
differential ATAC-seq peaks are identified using q-value ≥ 10-5 peak summit in MACS2.
This yielded 374 and 316 newly accessible regions after LFY activation for the 6 hour and
24 hour sample, respectively.

Published ChIP-seq data analysis
Inflorescence LFY ChIP-seq data [265] was retrieved from GEO (GSE64245
samples SRS794763 and SRS794763). Two replicates were analyzed. Inflorescence ETT
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ChIP-seq data [306] was obtained from EBI-ENA database under accession number
PRJEB19862. After trimming adapter sequences and low-quality reads by Trimmomatics
(v0.32) [255], FastQC (v0.11.5) was performed on trimmed reads to confirm high-quality
sequences[256]. Sequencing reads were then mapped to release 10 of the Arabidopsis
Genome (TAIR10) [258] by Bowtie2 (--phred33 -q -x) v2.3.1 [257]. Next, uniquely mapped
reads (quality score MAPQ≤ 10-30 (Samtools v1.7)) [273] were processed following
ENCODE guidelines. For inflorescence LFY ChIP seq, peaks were called using MACS2
[259, 260] callpeak command with the following parameter: --keep-dup auto --nomodel -extsize 138 -g 101274395. Since no control files were given when calling peaks, summit
q-value≤ 10-465 was used to get a final list of significant peaks (1952 peaks were identified).
For inflorescence ETTIN ChIP seq, peaks were called using MACS2 [259, 260] callpeak
command using the same parameter as before but a negative control sample was given
as the control file in this case and a total of 670 significant peaks (q-value ≥ 10-10) were
identified. Root explants H3 and histone modification CHIP-seq data generated from root
explants that were cultured on CIM for 14 days [312] were retrieved from DRASearch
(study number SRP187025). Trimming, FastQC, filtering (low quality reads) and mapping
were as described for LFY ChIP in root explants (above). For all histone modification ChIPseq, peaks were called using MACS2 [259, 260] callpeak command with -f BAM --callsummits --keep-dup auto --nomodel --extsize 138 -g 101274395 parameters, using H3 file
as control file and respective histone modification file as treatment file. For H3K4me2,
H3K4me3, and H3K27me3 peaks, q-value ≤ 10-100 was used for significance calling and a
total of 3741, 6032, and 1359 peaks were identified respectively. For H3K4me1, summit
q-value ≤ 10-40 were used for significance calling and a total of 1285 peaks were identified.

Structural analysis of DNA binding domains
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Structures of linker histone H1 (PDB: 5NL0), LFY (PDB: 4BHK), FoxA2 (PDB:
5X07), ARF1 (PDB: 4LDX) are visualized and aligned using PyMOL (method = super, 5
cycles, cutoff = 2.0) [303].

Statistical tests among experimental groups
For all qPCR data sets, Kolmogorov-Smirnov (K-S) [329] test was implemented to
test for normal distribution of data. Since all our data sets were normally distributed,
unpaired one-tailed t-test were used to test whether changes in one direction were
statistically significant. Error bars represent standard error of the mean (SEM). The
hypergeometric test [330] was used to test whether two data sets significantly overlapped.
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Chapter 5 Discussion
The LFY binds to nucleosomal DNA in vitro specifically and with high affinity
To test biochemically that the master regulator of flower development LEAFY (LFY)
[215, 238] has affinity for nucleosomal DNA in vitro, we employed a well-established assay
that is employed by mammalian field [95]. Firstly, we confirmed that LFY binding site at
AP1 promoter has nucleosome occupancy in vivo, and this region of DNA sequence is
capable of reconstitute a nucleosome in vitro. By showing that the binding to nucleosomal
DNA is sequence specific and that not all transcription factor has similar property, we
established preliminarily LFY has the potential to be a pioneer TF in Arabidopsis thaliana.
Interestingly, we also showed that such binding to nucleosome is a unique characteristic
of LFY. Along with LFY, we also purified another transcription (TF) called LATE
MERISTEM IDENTITY2 (LMI2). Although this TF also has a binding site in our chosen
AP1 promoter sequence and it binds to this sequence shown by conventional EMSA, it
was not able to shift nucleosomes.
Our finding showed that in Arabidopsis, we can also use nucleosome essay
established in the mammalian field [95] to also test the potential of a TF in plants to act as
a pioneering TF. In fact, this might indicate a potential methodology to conduct large scale
screening for pioneering TF, which has already been done in mammalian field [250]. By
wrapping sequencing with most enriched binding motif targeted by key TFs, such as the
bZIP motif bound by bZIP transcription factor [331]or the CArG box motif bound by MADSbox transcription factor family [332], around nucleosomes, we could use such
nucleosomes to test key regulatory TFs that were identified over the years in different
developmental programs [333-335].
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Plant tissue culture system is implemented to allow synchronized, inducible and
uniform LFY expression
Due to the fact that plants are complex organisms and it is hard to study
synchronized reprograming events or developmental switch in intact plants, we
implemented a plant tissue culture system [93, 241] to enable synchronized, inducible and
highly uniform LFY expression. We confirmed that LFY binding sites (as indicated by
ChIP-seq analysis) and LFY-induced targets (shown by RNA-seq analysis) in tissue
culture overlap well with known. LFY binding sites and targets [204, 242, 252, 336].
Additionally, we showed both by MNase-qPCR and MNase-seq that a well-known LFY
binding site, promoter region of AP1, has nucleosome occupancy, just as shown by
published MNase-seq data [253] in inflorescence.
Importantly, when we compared the MNase-seq and ChIP-seq dataset we
obtained from tissue culture system, we showed that consistent among all three MNaseseq dataset, LFY bound peaks have nucleosome occupancy underneath it. Such
discoveries lead us to propose using this method to test whether a TF could have the
potential to be a pTF.
By performing such careful characterization of plant tissue system, we set the
stage for further investigation of whether LFY indeed as a pioneer TF and what are the
specific functions and biological significance of pioneer TF in plants. We next want to
understand the subsequent events upon LFY binding as a pioneer TF, structural
characteristics of LFY that endowed its pioneering capacity and in-depth investigations of
“pioneering” vs. “traditional” LFY targets in terms of their biological roles.
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LFY has unique pTF characteristics
To further characterize the pioneering activity of LFY, we first performed sequence
ChIP [300] qPCR (LFY ChIP followed by H3 ChIP) in tissue culture system to confirm that
indeed, LFY binding site at AP1 promoter has underlying nucleosome occupancy.
Moreover, LMI2, the transcription factor that was not able to bind to nucleosomes in vitro,
was only able to bind to nucleosome-occupied AP1 promoter region after turning LFY on
first. Such finding showed the unique feature of LFY as a pioneering TF. Furthermore, we
performed equivalent experiments in inflorescence to capture a more physiological
condition. Similar results were obtained, indicating the biological significance of our
findings.
Secondly, we showed that LFY also structurally assembles linker histone H1 like
FoxA [270, 301], its binding replaces H1 in target sites, and that its binding to DNA does
not exclude nucleosome occupancy using the guideline offered by a recent publication
[250] – the fact that its binding to DNA does not exceed the midpoint of DNA in a tunnel
view. Another TF, Ettin, which is a hormone sensing transcription factor that regulator
shoot development in Arabidopsis [306], does not show such structural similarities and its
binding to DNA excludes potential nucleosome positioning. Previously, by comparing
ChIPseq and MNase-seq data that we obtained from tissue culture system, we confirmed
that the majority of LFY binding sites have nucleosome. Here, we took one step forward
and used published ChIPseq data in inflorescence for both LFY [263] and Ettin [306] and
by comparing both ChIPseq datasets to a published MNase-seq dataset in inflorescence
[244], we confirmed that the majority of LFY binding sites have nucleosome occupancy in
inflorescence and such overlap was not seen for Ettin.
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Reproduction-related gene ontology terms are uniquely associated with “pioneering”
sites
When we further look into the kinetics of LFY binding and the sequence of events
upon LFY binding, we showed that after rapid association with chromatin, opening events
come way after the initial binding. However, we showed that although LFY induces gene
expression with similar kinetics at both pioneering and traditional sites, the pioneering sites
noticeably associate more with repressed chromatin states, reproduction related gene
ontology terms and [306] flower-specific DNAse hypersensitivity sites. Furthermore, we
showed that LFY only recruits chromatin remodeler to pioneering sites but not traditional
sites. These findings are particularly interestingly because it allows us to understand the
sequence of events – binding precedes H1 replacement, chromatin remodeler recruitment,
and gene expression – and build a model with our findings.
More importantly, we showed that pioneering targets and traditional targets are
distinct from each other in terms of chromatin states and biological roles. Pioneering
targets associated more with histone modifications that mark repressed chromatin state
(cite) while traditional targets do not show such repressive marks. Additionally, while
traditional targets are more involved in rapid response to stress, pioneering targets are
closely related to reprogramming and flower development. Such discoveries lead us to
infer that the capacity of pTF to access genes with closed chromatin states and initiate
downstream events.

FUTURE DIERECTIONS
To characterize LFY as a pioneer TF, we performed genome-wide sequencing that
profile nucleosome occupancy, LFY binding, gene expression changes and chromatin
opening. The specific timeline is graphed as followed. However, this approach only
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showed sequence of events of cells as a population. We were not able to answer question
such as: in a specific cell when LFY binds to both pioneering and traditional targets, do
the genes get induced with a similar kinetics. With current advances in single-cell
sequence technologies, it will be interesting to look at ATAC-seq, MNase-seq, ChIP-seq
and RNA-seq within single cells and further elucidate a more precise mechanism of pTF.

Figure 5. The timeline for our experimental setup

Moreover, since most reprogramming events occur through epigenetic
modifications and regulations, it will be extremely informative if DNA methylation, histone
modification states or even Pol II occupancy at each reprogramming steps are profiled.
Biochemical or structural studies that uncover interactions between DNA, nucleosome and
pTF can also be performed to understand the mechanical underlying of mechanism.
Plants evolved multicellularity independently from animals and can change their
final body plan in response to environmental cues [288]. The striking ability of plants to
reprogram their body plan suggests that pioneering transcriptional activities may be more
prevalent in this kingdom. We would hope to also establish a methodology to exert large
scale screening for all TFs and answer questions like what percentage of plant TFs are
pTF, or do they share structural similarities.
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APPENDIX
KEY RESOURCES TABLE
REAGENT or RESOURCE
Antibodies
Rabbit polyclonal Anti-LFY antibody
Mouse IgG2bκ Anti-HA antibody

SOURCE

IDENTIFIER

[241]
ROCHE

Rabbit Anti-Histone H3 antibody

Abcam

N/A
Cat# 12CA5; RRID:
AB_532070
Cat#
ab18521;
RRID: AB_732917

Bacterial and Virus Strains
pE-SUMOpro LFY in E.coli RosettaTM2 (DE3)
pE-SUMOpro LMI2 in E.coli RosettaTM2 (DE3)
pE-SUMOpro
E.coli RosettaTM2 (DE3)
pMDC7-LMI2-3HA in Agrobaterium GV3101
pMDC7-SWI3B-3HA in Agrobaterium GV3101
pUBQ10:YFP-GW
Chemicals, Peptides, and Recombinant Proteins
SUMO-His6x-LFY
SUMO-His6x-LMI2
EvaGreen dye
TRIzol
Cy5-dCTP
Micrococcal Nuclease
Klenow Fragment (3A° L/5A° L exo-)
Klenow (3’5’ exo-)
T4 DNA ligase (Rapid)
Critical Commercial Assays
MinElute PCR purification kit
Platinum Taq DNA Polymerase
cOmpleteTM EDTA-free protease inhibitor cocktail
RNeasy mini kit
Plasmid Mega Kit
SuperScript III Reverse Transcriptase kit
Gibson Assembly Master Mix
PrimeSTAR® GXL DNA Polymerase
Phusion High Fidelity DNA Polymerase
Plasmid Midi Kit
pENTR™/D-TOPO™ Cloning Kit
End-Repair Mix
SPRIselect beads
Ni-NTA agarose
OligodT25 dynabeads

This thesis
This thesis
Life Sensors
Novagen
This thesis
This thesis
[337]

pSUMO-6His-LFY
pSUMO-6His-LMI2
Cat# 1001A
Cat# 71397
pMDC7-LMI2-3HA
pMDC7-SWI3B-3HA
pMDS:YFP-GW

This thesis
This thesis
Biotium
Invitrogen
GE Healthcare Life
Sciences
Takara
New England Biolabs
Enzymatics
Enzymatics

SUMO-6His-LFY
SUMO-6His-LMI2
Cat# 31000
Cat# 15596026
PA55021

QIAGEN
Invitrogen
Roche
Qiagen
Qiagen
Invitrogen
New England Biolabs
Takara Bio
Thermo Fisher
Qiagen
Invitrogen
Enzymatics
Beckman Coulter
Invitrogen
Invitrogen

Cat# 28004
Cat# 10966034
Cat# 04693132001
Cat# 74104
Cat# 12181
Cat# 18080-044
E2611
Cat# R050A
Cat# F531S
Cat# 12143
K243520
Y9140-LC-L
B23317
R90115
Cat# 610-02

2910A
M0212S
P7010-HC-L
L603-HC-L
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HiTrap Q HP anion exchange chromatography column
SMARTer ThruPLEX DNA-Seq Kit
NEBNext Library Quant Kit for Illumina
NextSeq 500/550 High Output Kit v2
QIAquick gel extraction kit
pENTR™/D-TOPO™ Cloning Kit
Gateway LR Clonase II Enzyme Mix
Deposited Data
Raw and processed data
Release 10 of the Arabidopsis Genome (TAIR10)

GE healthcare
Takara Bio
New England Biolabs
Illumina
Qiagen
Invitrogen
Invitrogen

Cat# 17115301
R400406
E7630
TG-160-2005
Cat# 28115
K243520
Cat# 11791-020

This thesis
[258]

Release 11 of Arabidopsis genome annotation

[279]

GEO: GSE141706
https://www.arabidop
sis.org/
https://www.arabidop
sis.org/

Experimental Models: Organisms/Strains
Arabidopsis: 35S::LFY-GR: Landsberg erecta
E.coli RosettaTM2 (DE3)
Arabidopsis: 35S::LFY-GR LMI2-3HA-ER: Landsberg
erecta
Arabidopsis: 35S::LFY-GR SWI3B-3HA-ER: Landsberg
erecta
Oligonucleotides
Primers for RT-qPCR, see Table S1
Primers for ChIP-qPCR, see Table S1
Primers for FAIRE-qPCR, see Table S1
Primers for vector constructions, see Table S1
Primers for pENTR cloning, see Table S1
Recombinant DNA
AATAGATATTTTGGTTGGTTCAGATTTTGTTTCGTAG
ATCTACAGGGAAATCTCCGCCGTCAATGCAAAGCG
AAGGTGACACTTGGGGAAGGACCAGTGGTCCGTAC
AATGTTACTTACCCATTTCTCTTCACGAGACGTCGAT
AATCAAAT
AATAGATATTTTGGTTGGTTCAGATTTTGTTTCGTAG
ATCTACAGGGAAATCTCCGCCGTCAATGCAAAGCG
AAGGTGACACTTGGGGCAGGAAAAGTAATCCGCAC
AATGTTACTTACCCATTTCTCTTCACGAGACGTCGAT
AATCAAAT
AATAGATATTTTGGTTGGTTCAGATTTTGTTTCGTAG
ATCTACAGGGAAATCTCCGGGAGACCGGCAAAGCG
AAGGTGACACTTGGGGAAGGACCAGTGGTCCGTAC
AATGTTACTTACCCATTTCTCTTCACGAGACGTCGAT
AATCAAAT
pMDC7 LMI2-3HA
pMDC7 SWI3B-3HA
Software and Algorithms
Fiji is Just ImageJ (Fiji)
Bowtie2 (v2.3.1)

Trimmomatics (v0.32)

[241]
Novagen
This thesis

N/A
Cat# 71397
N/A

This thesis

N/A

This thesis
This thesis
This thesis
This thesis
This thesis

N/A
N/A
N/A
N/A
N/A

This thesis

152bp AP1 WT DNA

This thesis

152bp AP1 DNA LFY
binding site mutated

This thesis

152bp AP1 DNA
LMI2 binding site
mutated

This thesis
This thesis

N/A
N/A

[338]
[257]

https://imagej.net
http://bowtiebio.sourceforge.net/
bowtie2/index.shtml
https://github.com/ti
mflutre/trimmomatic

[255]

101

Samtools (v1.7)

[273]

FastQC (v0.11.5)

[256]

MACS2 (v2.2.4)

[259, 260]

Picard (v2.21.2)
DESeq2 (v3.9)

[268]

Bedtools2 (v2.27.1)

[266]

STAR (v2.7.3)

[280]

Deeptools (v3.3.0)

[261, 262]

Danpos (v2.2.2)

[274]

STAR (v2.7.3)

[280]

HOMER motif analysis (v4.10.3)
AgriGO (v2.0)

[311]

Deeptools (v3.3.0)

[261, 262]

R studio
PRISM 8

GraphPad

PyMOL
Other

Schrodinger

http://samtools.sourc
eforge.net/
https://www.bioinfor
matics.babraham.ac.
uk/projects/fastqc/
https://github.com/ta
oliu/MACS
https://broadinstitute.
github.io/picard/
https://bioconductor.
org/packages/
release/bioc/html/DE
Seq2.html
https://github.com/ar
q5x/bedtools2
https://github.com/al
exdobin/STAR
https://deeptools.rea
dthedocs.io/en/devel
op/
https://omictools.co
m/danpos-tool
https://github.com/al
exdobin/STAR
http://homer.ucsd.ed
u/homer/
http://systemsbiology
.cau.edu.cn/agriGOv
2/
https://deeptools.rea
dthedocs.io/en/devel
op/
https://rstudio.com
https://www.graphpa
d.com/scientificsoftware/prism/
https://pymol.org/2/

TABLE S1
PRIMERS
FOR
GIBSON
ASSEMBLY:
LMI2 BS MUT F
LMI2 BS MUT R
LFY CDS INTO PESUMO F
LFY CDS INTO PESUMO R
LMI2 CDS INTO PESUMO F

GAAATCTCCGGGAGACCGGCAAAGCGAAGGTGACACTTG
GCCGGTCTCCCGGAGATTTCCCTGTAGATCTA
CGAAAC
GTGAAACCTTCAGGATCCATACCTCCAATCTGTTCGCGGTGAGCCT
CAATAATATCGTTA
GCGACGACTTGCGTTTCTAGACTAGAGGATCCGAATTCGAGCTCC
GTCGACAAGCTTGC
CAACAAGGTGTTCTTCCCATACCTCCAATCTGTTCGCGGTGAGCCTCAATA
ATATCGTTA
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LMI2 CDS INTO PESUMO R

CCATGGTTTCCAAATTCTAGACTAGAGGATCCGAATTCGAGCTCCGTCGAC
AAGCTTGC

PRIMERS
QRT-PCR:
AP1 F

GCAAGCAATGAGCCCTAAAGAG

FOR

AP1 R

AGTGCGGATGTGCTTAAGAGC

AG F (NC)

CAACCGTTTGATTCACGGAA

AG R (NC)

GGCGGATGAGTAATGGTGATTG

PRIMERS
FOR
MNASE QPCR:
AP1 1F

ACTAATGTCGGGTCCATGAT

AP1 1R

CGAGACGTCGATAATCAAATTGT

AP1 2F

GCGGACTTAAAAATATGAAAATAAACAATTTG

AP1 2R

CCAGTGGTCCGTACAATG

AP1 3F

CGTGAAGAGAAATGGGTAAGTA

AP1 3R

CGTCAATGCAAAGCGAAG

AP1 4F

TCCTTCCCCAAGTGTCAC

AP1 4R

GGTTCAGATTTTGTTTCGTAGATC

AP1 5F

CGGAGATTTCCCTGTAGATC

AP1 5R
AP1 6F

AGAGAAATGTTAATAAAAGGAAATTAAAAATAG
AT
CTGAACCAACCAAAATATCTATTTTTAATTT

AP1 6R

CTTATTCCAAAAGAATAGTGTAAAATAGGG

AP1 7F

CCTTTTATTAACATTTCTCTATTACCCTATTT

AP1 7R

AAGCAAATTTGATAAAACAAAGGGTT

PRIMERS
CHIP QPCR:
AP1 F

FOR
CGTGAAGAGAAATGGGTAAGTA

AP1 R

CGTCAATGCAAAGCGAAG

ACTIN 2 F (NC)

CGTTTCGCTTTCCTTAGTGTTAGCT

ACTIN 2 R (NC)

AGCGAACGGATCTAGAGACTCACCTTG

LOCI PROBED

AP1 F
AP1 R

PRIMERS
FOR
RECHIP & LMI2
QPCR
CGTGAAGAGAAAT
GGGTAAGTA
CGTCAATGCAAAG
CGAAG

MP F
MP R
YUC4 F

N/A

PRIMERS
FAIREQPCR:

FOR

TGGCCTTGAAGACAA
CATCC
TGGGAAGAAAAGAAG
GGTGGAG
AAGAGTCTAAAGCTG
CAACGG
ATGGGAAAGAGTGTG
CATGC
AGAGAAGGCGTGAG
AGAAAAGG

PRIMERS FOR
CHIP QPCR:

SWI3B

Same as ReChIP primers
Same as ReChIP primers
CACACTGGTCCATAACT
GTATCC
ATAATGGGAGTGACGG
GACATC
TCAGAAACTTTGCCCCG
TTC

103

YUC4 R
RAX1 F

GTCCGTCCAATGC
AATCTTC
AACAGTCCCAAGT
GGTGTTG

RAX1 R
LSH2 F
LSH2 R
AT4G22780 F
AT4G22780 R

N/A

ACTIN 2 F
ACTIN 2 R

TCTCTCTCTCCTCCC
CCATTAC
Same
as
ReChIP
primers
Same
as
ReChIP
primers
TGGGTCGTCTGAAGA
AAGAG
AGTTTGTGTCCGGAA
TCACG
TTTGAACAATAATGC
TGCCTTC
TGGACAAAATTGAAG
TGGTTTAG
CGTTTCGCTTTCCTT
AGTGTTAGCT
AGCGAACGGATCTAG
AGACTCACCTTG

CATGCGTGCGTTTGTAC
TTG
Same as ReChIP primers
Same as ReChIP primers
Same as FAIRE primers
Same as FAIRE primers
Same as FAIRE primers
Same as FAIRE primers
Same as FAIRE primers
Same as FAIRE primers

PRIMERS FOR PENTR-3C CLONING:
3B KPN5

ATAGGTACCACGTTCCAATTTCTACCTACTT

3B EAG3

CATCGGCCGACACTCTATTCTATCTTCAG

HA-F-EAGI
HA-R-XHOI

AACCGGCCGGGGTTAATTAACATCTTTTACC
C
TTACTCGAGGCTGCACTGAGCAGCGTAATCTG

3B 3UTR XHO5

AGCTCGAGTAGAACGCACTTAATTTGAAAC

3B 3UTR XBA3

TATTCTAGAGCCATTTGGTTTTGACTTTTA

PRIMERS
PENTR-DTOPO
CLONING:
LMI2_3HA_F
LMI2_3HA_R

FOR

caccATGGGAAGAACACCTTGT
GCTGCACTGAGCAGCG

LOCI PROBED

PRIMERS FOR H1 CHIPQPCR

PRIMERS FOR LMI2 CHIP QPCR:

AP1 F

CGTGAAGAGAAATGGGTAAG
TA
CGTCAATGCAAAGCGAAG

Same as ReChIP primers

AP1 R
MP F

Same as ReChIP primers

YUC4 F

CACACTGGTCCATAACTGTA
TCC
ATAATGGGAGTGACGGGACA
TC
TCAGAAACTTTGCCCCGTTC

YUC4 R

CATGCGTGCGTTTGTACTTG

RAX1 F

GTCCGTCCAATGCAATCTTC

Same as ReChIP primers

RAX1 R

AACAGTCCCAAGTGGTGTTG

Same as ReChIP primers

LSH2 F

TGGGTCGTCTGAAGAAAGAG

LSH2 R

AGTTTGTGTCCGGAATCACG

AT4G22780 F

TTTGAACAATAATGCTGCCTT
C

MP R

N/A

N/A
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AT4G22780 R
ACTIN 2 F
ACTIN 2 R

TGGACAAAATTGAAGTGGTT
TAG
CGTTTCGCTTTCCTTAGTGTT
AGCT
AGCGAACGGATCTAGAGACT
CACCTTG

Same as ReChIP primers
Same as ReChIP primers

PRIMERS
FOR
PENTR CLONING:

LFY_SAM_F
LFY_SAM_R
LFY_IDR_F
LFY_IDR_R
LFY_DBD_F
LFY_DBD_R
ASH1_IDR_F

CACCATGGATCCTGAAGGTTTCAC
TTCCTCCTCTTCTTGCAATCG
CACCGAGGAATCTTCTAGACG
ACCACTACCTCCGTTGC
CACCTTGGGGACAGAGAG
CTAGAAACGCAAGTCGTCG
CACCGGTAACACTGCAAGACAATTG

ASH1_IDR_R

ATGACAAGACACACACACTCTTGTG

MP_IDR_F

CACCCAGCAGAATATTGTAATGGG

MP_IDR_R

TAGCTGATTAACCTTTTCCTCATTAC

UFO_F

CACCATGGATTCAACTGTGTTCATC

UFO_R

CTAACAGACTCCAGGAAATGGAAGT

DCP1_F

CACCATGTCTCAAAACGGGAAGATAATC

DCP1_R

TCATTGTTGAAGTGCATTTTGTAAAG

EIF4_F

CACCATGGCGGTAGAAGACACTCCCAAATC

EIF4_R

TCAAGCGGTGTAAGCGTTCTTTGC
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